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S U M M A R Y
The work described in this dissertation is concerned with 
some aspects of heat transfer in shallow gas fluidised beds.
Results from the experimental investigations with the single 
heater indicated that fluidising velocity, particle size, bed 
height, heater diameter and heater position influence heat trans­
fer. As expected, heater material has no influence. Unlike 
previous work, this work has concentrated upon the range of 
dependency of heat transfer on each of the tested parameters {e»g., 
heater diameter has no influence on heat transfer with heater 
diameter greater than 25.3 mm and bed depth has no influence on 
heat transfer for depths greater than 150 mm) . The variation of 
this dependency with respect to the other parameters {e.g. y in­
fluence of fluidising velocity on heat transfer coefficient in­
creased with an increase in bed depth. The influence of heater 
location decreased with an increase in particle size, fluidising 
velocity and heater diameter). The effect of horizontal rod 
spacing on heat transfer was also examined, when unheated rods 
were used to complete the rod bundle. The effect of rod spacing 
was dependent on the other parameters {e.g. y fluidising velocity, 
bed depth and heater diameter).
Since the heat transfer depends primarily on frequent renewal 
of the particles at the heat transfer surface and particle mixing, 
these were improved by the use of gas jets. Heat transfer was
found to increase by up to 50%. The following parameters were 
investigated: volumetric flow rate, particle size, heater size,
bed height, jets position and direction and jets velocity to find 
their effect on the influence of gas jets on heat transfer.
The data were compared with some earlier correlations and two 
dimensionless correlations developed. One was for a single heater 
and the other was for one row of horizontal rods. Unlike previous 
correlations, these correlations took account of both the effect 
of heater size and bed depth.
The data for the single heater were compared with some earlier 
models and the fit with one of these models is good.
NOMENCLATURE
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Greek symbols
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T Packet residence time
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I N T R O D U C T I O N
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CHAPTER 1 
I N T R O D U C T I O N
1.1 General
Fluidisation is a process by which a mass of solid particles is 
transformed into a homogeneous fluid-like state by the upward flow of 
gas or liquid through it. In a gas-solid system the gas enters 
through a support plate permeable to the gas, but not to the solids.
The gas velocity must be sufficient to keep the particles moving, but 
not so high that élutriation occurs.
Two features of the fluidised bed are the high solid circulation 
rate (which gives uniformity of temperature) and large solid surface 
area per unit volume. These characteristics give rise to high heat 
and mass transfer between particles and gas, and high rates of heat 
transfer can be achieved between the bed and immersed surfaces. Heat 
transfer between the fluidised bed and submerged surfaces may be the 
rate controlling step in a number of processes, such as coal gasifi­
cation, fluidised bed combustion, contact drying and heat recovery.
This thesis is concerned with the use of shallow beds for heat recovery.
As described in many earlier studies [Kunii and Levenspiel (1969), 
Davidson and Harrison (1963) and Botterill (1975)], the heat transfer 
coefficient h^ between the bed and immersed surfaces, rises rapidly 
once the bed becomes fluidised, due to increased solid circulation.
It then increases more slowly to a plateau maximum as a result of 
interaction between competing processes. Intensified particle
- 2 -
circulation improves heat transfer, but greater bubble activity 
reduces the number of particles in contact with the surface, 
which has the opposite effect. At higher gas velocities hw
generally decreases again, because slugs and large bubbles inter­
mittently blanket the surface and reduce the number of particles
in contact with the surface. However, in shallow beds h reachesw
a maximum value at a particular gas superficial velocity , and 
remains constant as the gas velocity is increased, because of the 
absence of slugs and large bubbles [Yuditskii and Zabrodsky (1958), 
Andeen and Glicksman (1975) and Al-Ali (1977)]. The rhythmic 
bubbling pattern of shallow beds gives these beds a greater degree 
of homogeneity, which enhances their fluid-like character.
1.2 Previous work
This part is divided into two sections: the mechanism of heat
transfer and previous experimental work.
1.2.1 Mechanism of heat transfer between a fluidised bed 
and an immersed surface
The mechanism of heat transfer between surfaces and a fluidised 
bed is complicated by a number of variables such as: particle size
distribution, particle shape, particle and gas thermal properties, 
geometry of bed and surface and type of gas distributor used. The 
majority of the experimental and theoretical effort has been towards 
an understanding of the mechanism of heat transfer in fluidised beds 
operated at temperatures less than 500° C, where radiation can be 
neglected. The exchange processes taking place are those between
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the incoming gas and solids, and that between the particle-gas 
emulsion and the immersed surface. These processes have been 
modelled in terms of various mechanisms which have been classified 
by Yoshida et at. (1969) as:
(i) Steady state conduction of heat across the gas film
which is scoured by solid descending along the surface 
[Dow and Jakob (1951) and Levenspiel and Walton (1954)].
(ii) steady^ steady state thermal conduction by single
particles in direct contact with heat exchange 
surface [Botterill and Williams (1963), Ziegler et at.
(1964) and Gabor (1970)].
(iii) Unsteady state absorption of heat by fresh emulsion 
elements which are renewed intermittently by the 
violent disturbances in the core portion of the 
fluidised bed [Mickley and Fairbanks (1955) ,
Baskakov (1964) and Xavier and Davidson (1970)].
(iv) Steady state conduction through the emulsion layer 
which is not often swept away [Van Heerden et at. (1951) ,
Wick and Fitting (1954) and Yoshida et at. (1968)].
Most of the investigations were: (a) at temperatures less than
600° C where radiation can be neglected; and (b) with particle sizes 
(< 1 mm) , such that the gas convection can also be neglected for non­
pressurised systems.
Under these conditions heat transfer by particle circulation has 
been found to be the most important, and rapid particle exchange 
between the heat transfer surface and the bulk of the bed give high 
rates of heat transfer.
_ 4 —
The first group of investigators assumed that a fluid film 
adjacent to the exchange surface constitutes the principal resistance 
to heat transfer, and the moving fluidised particles scour the film, 
and reduce the resistance to heat transfer. When theoretical 
equations based on this mechanism are used, most of the predicted 
values of heat transfer coefficient are very different from the values 
determined experimentally. This is because they take no account of 
the thermal properties of the fluidising solid and the difficulties 
encountered in determining the voidage around the heat exchange 
surface. Although this model proved an unsatisfactory concept, a 
film resistance has been reintroduced into various "packet" models 
as mentioned later.
The second mechanism considers layers of particles in contact 
with the transfer surface. When fresh cold emulsion contacts the 
hot surface, heat flows by conduction alone into the gas and into 
the uniformly distributed spherical particles touching the surface.
The solids with their large heat capacity provide an effective heat 
sink, so heat transfer is located primarily in the region around the 
contact points of particles with the surface. Originally, short 
contact times were considered such that the second layer of particles 
remained essentially at the bed temperature [Botterill and Williams 
(1963)].
Botterill and Williams (1963) considered heat flows by conduction 
alone into gas and the first row of particles contacting the surface. 
(It is important to note that instead of assuming mean properties 
for the emulsion, they considered the separate role played by the
— 5 —
gas and the solids.) The unsteady state conduction equations were 
solved numerically for various fluid and solid properties to give 
isotherms for different contact times. Instantaneous values of 
heat transfer coefficient were then computed and were used to 
estimate average values of heat transfer coefficient h^. They found 
that predicted and experimental results were in agreement as long as 
heat penetration was effectively limited to one layer.
Botterill and Butt (1968) extended the model by Botterill and 
Williams (1963) to consider heat transfer to a depth of two particles 
into the bed, in order to clarify experimental results obtained at 
larger residence times. As expected for very short contact times, 
h ardly any heat enters the second layer; hence the single and double 
layer analysis approach each other. For longer contact times the 
double layer treatment is preferred.
Gabor (1970) has extended ' work of Botterill and co-workers 
further by considering a string of spheres of indefinite length 
normal to the heater wall. The effect of both gas convection and
radial heat transfer between particles was neglected. It was found 
that a gas gap of 0.015 particle diameter (Dp) between particles 
and 0.0075 Dp between the wall and the first particle layer must be 
included in the computation in order to fit the theoretical values 
with the experimental heat transfer coefficient,.
Ziegler et al. (1964) developed a model similar to that of
Botterill and Williams (1963) based on experiments showing that the
heat transfer coeffieint h , varied with solid specific heat Cp , butw ^ s
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was independent of the solid thermal conductivity . Thus a 
particle is viewed to move to the wall region, where it is suddenly 
bathed by fluid at the wall temperature. It absorbs heat from the 
gas by unsteady state conduction, while the gas temperature remains 
unchanged and particle wall contact was ignored.
The third mechanism is based on transient heat transfer by 
"packets" of solid particles which are periodically displaced from 
the heat transfer surface by gas bubbles.
In the packet renewal mechanism, heat is absorbed by a packet 
of particles and gas having a finite residence time on the heat 
transfer surface. The heat transfer rate depends upon the rate of 
heating of the "packets" and the frequency of their replacement.
In order to determine the nature of the resistance controlling 
heat transfer between fluidised beds and surface in contact with 
them, Mickley and Fairbanks (1955) made heat transfer measurements 
on solid constituents with several fluidising gases. The heat 
transfer coefficients obtained with fluidised beds were found to be 
proportional to the square root of the effective thermal conductivity 
k ^ . They were the first to propose that the principal resistance 
to heat transfer exists in the unsteady state diffusion of heat 
into packets, each of which has a limited residence time on the 
transfer surface. Heat is transferred as each packet comes into 
contact with the exchange surface. Effects of the bed thermal 
properties were separated from the influence of stirring factor S, 
which accounted for the bed motion and geometry. The relation between
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the heat transfer coefficient and other bed properties was given 
by the following equation:
h = / k p Cp S (1.1)w e e ^s
They assumed the fluid-solid medium (packet) was homogeneous 
and that the packet has constant thermophysical properties, which 
are equal to those of incipiently fluidised beds. Later workers 
found that it is unrealistic to ignore the effect of the transfer 
surface on local particle packing (the local voidage increases in 
the vicinity of any surface), especially for short contact times.
The thermal response is different in the gas and solid phases and 
so the packets are not and cannot be treated as a homogeneous 
medium, as implied by using the effective thermal properties, under 
all circumstances. This is particularly true for short contact 
times when the gas thermal conductivity kg becomes important.
The above approach has been the basis for many models. Baskakov 
(1954) noted that the resistance to heat transfer increased in a 
very narrow region next to the exchange surface, due to the above- 
mentioned increase in bed porosity in that region. He concluded 
that the gas thermal conductivity kg was the limiting factor for 
very short contact times, but as the contact time increases, the 
heat penetrates further from the surface and the packet properties 
become important.
Gelperin and Einstein (1971) treated this approach theoretically, 
showing ĥ ., the instantaneous transfer coefficients, would depend on
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the different boundary conditions which may be applicable. They 
solved the basic packet model in terms of two heat transfer resistances, 
one within the emulsion packet phase is and the second is a contact 
resistance R^, related chiefly to the gas and independent of time.
It is due to increased voidage in the vicinity of the wall:
where ô is the extent of the zone adjacent to the wall. R wase
estimated experimentally later by Baskakov et at. (1973).
Yoshida et at. (1969) modified the packet theory and showed 
that the dominant mechanism for short packet residence time, was the 
unsteady state absorption of heat by packets, while for longer packet 
residence times, the steady state conduction of heat through an 
emulsion layer is the dominant mechanism.
Xavier and Davidson (1978) proposed a model for convective heat 
transfer between a slug flow fluidised bed and an immersed surface. 
The overall convective heat transfer coefficient was approximated as 
the sum of particle convective and gas convective heat transfer co­
efficients. They modified Mickley and Fairbanks' (1955) packet model 
to account for gas film resistance adjacent to the surface. This 
modified model was used to predict the particle convective component. 
The gas convective component was obtained from theoretical and experi­




c pc gc I ttL J U^-U _+U„f mf B
4k p Cp U  ̂e p g mf
7TL
(1.3)
The fourth mechanism postulates that the moving solid particles
play a dominant part in heat transfer. It also takes into account
thermal conduction through the layer of fluid at the surface. Higher
values of h are obtained with shorter surfaces, because the bubbles w
are more frequent and the contact times are small. Allowance is 
made for the influence of the thermal-physical properties of the 
solid material.
Van Heerden et at. (1951) observed that heat capacity of solid 
particles per unit volume is about a thousand times greater than that 
of the gas. The mean particle velocity is much lower than the gas 
velocity. Therefore, the largest portion of heat will be transferred 
by the moving particles. They assumed that the interstitial gas 
between the particles almost immediately follows the temperature of 
the particle, and the only role for the gas is to suspend the particles 
They observed that there was almost no radial motion of particles with 
downward motion along the wall. They concluded that the radial heat 
transfer would be determined by the thermal conductivity of the 
suspension. They indicated that the heat transfer coefficient would 
be large for short heat exchange surfaces and smaller for longer 
sections.
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Wick and Petting (1954) developed a similar model in which the 
thermal resistance was divided into two components: (i) conduction
through a gas film of thickness 0.1 - 0.5 Dp; and (ii) an emulsion 
layer of thickness 1 - 3 mm moving parallel to the surface. From 
this mechanism an equation was developed for the surface coefficient 
involving the film thickness, emulsion thickness and the particle 
velocity. By correctly fixing these, they were able to correlate 
their own results and those of Van Heerden et aZ. (1951) .
1.2.2 Previous experimental work
Many fluidised bed applications require heat transfer surfaces 
within thebed. The use of horizontal tubes for the heat transfer 
surface has several advantages: they are easy to install, support
and replace. Further, several investigations indicate that hori­
zontal tubes tend to enhance bubble break up, and reduce the tendency 
for the large bubbles or slugs to be formed in the bed. In the 
case of shallow beds, it is more practical to use horizontal tubes.
The heat transfer coefficient between a fluidised bed and 
surface (tube) depends upon a number of factors, the most important 
of these being:
- properties of the particles;
- properties of the gas;
- flow conditions;
- geometric properties of fluidised 
bed and heat transfer surface {e.g. y 
bed height, surface location in the bed 
and diameter of heat transfer tube).
—  1 1 “
The previous experimental work will be discussed according to 
the influence of the above factors on heat transfer.
1.2.2.1 Influence of fluid velocity and particle size
All previous work in deep beds shows (a) that the heat transfer
coefficient h increases with the superficial fluid velocity U_, w f
but (b) increases in also increase bed voidage, which has the 
opposite effect on h^.
The net effect is that the heat transfer coefficient reaches
a definite maximum at a particular value of U^ which is labelled Uf op
When h^ is plotted against for a shallow bed, a plateau
maximum is reached at velocity equal to (defined as the velocity
at which h reaches h at the start of the plateau maximum region). w max
This plateau maximum is large for shallow beds and the value of hw
is maintained until élutriation occurs.
All previous findings are in complete agreement on the trend 
that the heat transfer coefficient decreases with an increase in 
solid particle diameter. This is explained on the basis that there 
is an increase in gas conduction paths for bigger particles and 
particle surface area per unit volume is larger for small particles.
Mickley and Trilling (1949) were the first to appreciate the 
implications of the true unsteady state nature of the processes. The 
dominating factor with a gas fluidised system is the ability to 
circulate solids to transfer heat, since their volumetric heat 
capacity is much larger than that of the gas. They concluded from 
their experimental work, which was carried out in beds of glass
— 1 2 “
spheres, that the heat transfer coefficient increased with an 
increase in superficial mass velocity G, and with decrease in 
particle size. Dp, according to the following relation:
0.263
(1.4)
Based on their theory of a thin gas film on the surface scoured 
by the action of descending solids, Dow and Jakob (1951) correlated 
their experimental data on heat transfer from a vertical tube to a 
fluidised bed of small particles and presented the following 
dimensionless correlation:
(l-e)p Cp s s
— , 0 2 5
ePfCPf
(2 ÏG) (1.5)
q O . a
Thus h^ was found to be proportional to  [T7TT
Miller and Logwink (1951) studied heat transfer from a fluidised 
bed to a vertical water-cooled tube. They found that the effect of 
superficial mass velocity and particle size on heat transfer co­
efficient was given by:
h a
g O .2
w Dp ÏÏT6 (1 .6 )
Levenspiel and Walton (1951) conducted an experimental study on
dense-phase gas-solid fluidised systems, to determine the effect of
some variables on the heat transfer coefficient h between tube wallw
and the fluidised bed. They also found that h increases with anw
increase in superficial mass velocity and with a decrease in particle
— 1 3 “
diameter Dp such that h^ is proportional to G Dp
Vreedenberg (1958) made some early studies on heat transfer
between a horizontally immersed water-cooled tube and an air
fluidised bed. He observed that the value of h increases with:w
(a) an increase in bed temperature; (b) decreases in particle 
diameter; (c) decreases in tube diameter; and (d) increases in 
air mass velocity. His correlation for fine-light particles 
(Re^—  < 2050, Dp < 250 pm) is:
NU = 0.66 Pr° • ̂ Re° * ° ° d 7)wT ' I
The relationship between h , G and Dp was thus found to be
Pg
h a G°"^^ ' . For coarse-heavy particles (Re —  > 2550,w t p^
Dp > 250 pm) his correlation was:
N U ^  = 420 Pr° * ̂ Re° • ̂ Ar~° • ̂  (^) (1.8)
from which
h^ a G ° •^ D p ~ ° (1.9)
Wender and Cooper (1958) reported an empirical study of nine 
independent sets of data of previous investigators in heat transfer 
to fluidised beds. They covered a wide range of variables and 
included some data from commercial units. They correlated the data 
for external heat transfer surface (wall of the vessel) and internal 
heat transfer (tubes in the bed) . They recommended the following 
equation for internal heat transfer:
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Cp 0.8
NU   . -----------   0.033 C^ Re°'23(-— ) (— ) (1.10)(1-t) p^0..3 R Cp^ Pg
where C^ is the correction factor for non vertical tubes. The 
Reynolds number is based on average particle diameter, thus
h a G°'2:Dp-°'7?w
Petrie et al. (1968) reported experiments to determine the total 
heat transfer coefficient for a bundle of tubes carrying hot liquid 
metal. The tubes were immersed in a calciner. In order to increase 
the internal area of the surface exposed to the bed, they used finned 
tubes. They found that the heat transfer rate increased when finned 
tubes were used, and that the effectiveness of the fins was directly 
related to the fluidising velocity, and inversely related to the 
particle diameter and the number of fins. Their experimental data 
were correlated by:
‘ - - D 7;
NU ^  = 1 4 ( ^ )  Pr'3 (— ) (1.11)
.e., h a G ' D p  (1.12)w
YUditskii and Zabrodsky (1968) investigated the "peculiarities" 
of heat transfer between a horizontal tube and a shallow fluidised 
bed. The heat transfer coefficient was enhanced near the distributor, 
due to an entry effect created by the type of distributor used. They 
used a grid with holes and a small free area, which gave high velocity 
jets. Their velocity range was 1.5 - 4.0 ms“ ^. The jets caused 
very vigorous particle motion, which enhanced the heat transfer by
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reducing particle residence time on the surface. Also the jets 
increased the grid zone (immediate vicinity of the grid). Higher 
heat transfer coefficients were obtained when the tube was placed 
in this grid zone near the distributor. They found also, that 
heat transfer improved with decrease in particle size and with in­
crease in fluidising velocity, and found the relation below between 
maximum heat transfer coefficient and particle diameter:
h a D p ° * ^ ^  (1.13)max
Andeen and Glicksman (1976) made heat transfer measurements for 
horizontal tubes in shallow fluidised beds. They used electrically 
heated aluminium tubes to measure the heat transfer coefficient, while 
unheated tubes were used to form the remainder of the tube bank. They 
used various methods to enhance particle recirculation and thus im­
prove heat transfer. These included modification to the distributor 
design. Portions of the distributor were blocked, leaving it 
open directly below the tubes (Figure 1.1). It was found that heat 
transfer at the bottom of the tube was increased. Use of vanes 
between the tubes over the blocked sections of the distributor were 
found to provide a lower velocity region between the tubes, which 
increased particle recirculation and hence increased heat transfer.
They found that an improvement in heat transfer was attained when
the tubes were flattened. Also, h was increased by use of smallw ^
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The dependency of upon G and Dp is thus:
0 3 2 6
(1.15)
Al-Aii (1977) studied the heat transfer performance of a single 
horizontal bare tube and a variety of finned tubes immersed in 
shallow fluidised beds. Al-Ali and Broughton (1977) concluded that 
the effect of fluidising velocity and particle diameter agreed well 
with previous r e s ^ y c k %  in deep and shallow beds. Their proposed 
correlation for the rising branch of H-U curve in the case of bare 
tube, is as follows:
NU = 0.2 Ar° • (1.16)
which indicates that:
h a U w
0 . 3  54 (1.17)
Their correlation for the maximum heat transfer coefficient is:
NU = 0.562 Armax
0 2 5 5
which implies that h^^^ is proportional to Dp
From the above review of previous work, we can conclude that the 
dependence of h^ on fluidising velocity and particle size is not a 
systematic function of bed depth. For deep beds there is a variation 
in this dependency; sometimes it is stronger than in shallow beds
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and sometimes it is less, as shown in Table 1.1.
1.2.2.2 Influence of geometric properties of fluidised bed 
and heat transfer surface
(i) Influence of bed height The effect of bed depth on heat transfer 
coefficient has generally been neglected.
Dow and Jakob (1951) concluded from their work involving vertical
tubes and bed heights of 150-360 mm, that h decreased with increasesw
in bed height H. They found the relation between NU and H, when the 
other parameters were kept constant, to be:
D  - 0 . 6 5
NU a (— ) (1.18)
Kirk and Hudson (1966) found a marked effect of bed depth for 
the three bed heights 178, 280 and 380 mm. Four particle sizes 
between 226-940 um were used. The two measuring techniques were 
both transient response methods. Apart from measuring the effect 
of bed depth on the maximum heat transfer coefficient, heat transfer 
coefficient/velocity curves were obtained. These were unusual, 
which implies that their probes had some effect on fluidisation 
quality.
Yuditskii and Zabrodsky (1968), who used particles larger than 
700 um, found that the heat transfer coefficient did not change
with the height of the settled bed, which was varied from 35-70 mm.
Their measurements were in the grid zone.
Pillai (1976) used a spherical probe in shallow fluidised beds
of different materials (silica sand, Zicron sand and silicon carbide) 
to measure the heat transfer coefficient between this probe and the
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bed. By combustion (a mixture of propane and air burnt within the 
bed) he measured the heat transfer coefficient at temperatures up 
to 1100° C. For the effect of bed height, he concluded that h^ 
fell by 1 0% when the static bed depth was increased from 20 to 80 mm.
Grewal and Saxena (1977) investigated the effect of some para­
meters on heat transfer. The effect of bed height H on heat 
transfer coefficient h^ was found to be negligible (1.5%) for both 
glass beeds (225 um) and silica sand (167 um). The range of H , 
however, was small; their beds were 255 and 315 mm respectively.
Al-Ali (1977) studied the effect of tube location for three 
different bed depths (28, 35 and 50 mm) and concluded that h 
decreased when the bed depth was reduced, but this effect is more 
noticeable in the dense phase (within the settled bed height) than 
in the lean phase.
In general, it is concluded that the effect of bed height on
h^ is more significant in shallow beds of small particles (< 500 um)
where h increases with increases in H. In deeper beds (H > 100 mm)
the effect is not significant and h sometimes decreases with in-w
creases in H,
(ii) Influence of the surface location in the bed Published data on 
the change of heat transfer coefficient with the distance of the 
surface from the distributor i, are apparently contradictory.
Yuditskii and Zabrodsky (1968) used a shallow fluidised bed heat 
exchanger as mentioned before, with fluidising velocity ranging from 
1.5 - 4.0 ms~^. They found that higher heat transfer coefficients
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than those attained in the main part of the bed, were attained 
when the heating surface was placed in the immediate vicinity of 
the perforated grid. The clearance was only 5-10 ram. They 
observed a sharp decrease in h^ when the heating surface was located 
above the settled bed height. They determined experimentally the 
upper limit of the thermal grid zone, that level above which the 
heat transfer coefficient did not decrease any more with the in­
creasing distance from the grid. This height was dependent on 
fluidising velocity , and on the size of the openings of the 
distributor. (The distributor was a grid with holes of 1.65 mm 
diameter and a low free area which would give rise to jets being 
present.)
Pillai (1976) studied the influence of probe location and con­
cluded that the heat transfer coefficients were lowest in the region 
adjacent to the distributor (which was a ceramic distributor plate)
and the container walls. Elsewhere in the bed, h was independentw
of probe position, which apparently contradicts Yuditskii and 
Zabrodsky's findings (1968).
Al-Ali (1977) found that tube location has little effect on
heat transfer, except for small particle size (134 um). The maximum
heat transfer coefficient h fell when the tube was close to themax
distributor, which again contradicts Yuditskii and Zabrodsky (1968).
His curve of h against tube location shows two maxima (see max
Figure 1.2), h^^^ showing a significant peak above the dense phase 
(cloud phase). The peak was more pronounced with the shallowest 
bed and at velocities below Uop
" 2 1  —
134 sand
5 00  —
k:
«VI 253 um sand
3 4 5  /xm sando
o
3 0 0
1100 u m  blown alumina
2 200-
Oistanca from distributor plata (mm)
Fig.(1 .2 )  The variation of maximum heat transfer coefficient 
with tube iocation in a 50mm height bed 
Ai-Aii (1977 )
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Ozkaynak and Chen (1980) investigated heat transfer from a
vertical tube in a fluidised bed. The effect of surface elevation
(76.2, 152.4 and 228.6 mm) was studied for a static bed height of
305 mm and a particle size of 241 um. They concluded that at low
flow rates, bubbles were infrequent, so that the packets tended to
have long residence times at the surface leading to low h , especiallyw
at low elevations where bubbles were small and so easily missed the 
surface. Coalescence at higher elevations gave larger bubbles 
which increased the frequency of fresh packets and so gave relatively 
higher h^. At higher flow rates the bubbles were frequent, so the 
packet residence time was shorter, giving higher heat transfer at 
low elevations. (However, the packet replacement rate was reduced, 
due to diminishing frequency at higher elevations, which gave 
relatively lower h^.)
(ill) Influence of tube diameter and material Most previous investi­
gators who studied the effect of tube diameter on heat transfer co­
efficient h , agree that h increases with a decrease in D .w ^ w t
The work of Vreedenberg (1953) was mentioned in Section 2.2. The 
effect of tube diameter was studied (D^ = 16.9 and 51.0 mm) and the 
dependency of h^ on was given as
h a Cl (1.19)w t
The experiments of Petrie ez al. (1968) on heat transfer from
tubes of diameter 12.65 and 19 mm respectively to fluiised beds
confirm that the heat transfer coefficient h was found to decreasew


































obtained from equation (1 .1 1 ) , is
V 3
h a (^) (1 .2 0 )w
Saxena et al. (1978) in their report of heat transfer between 
a gas fluidised bed and an immersed tube reviewed the work of 
previous investigators and concluded that h^ decreased with in­
creases in tube diameter. The dependency was found to
lnol<3L f Oïl ̂ tubes up to 30 mm diameter. Tube material was found to
have no effect on h .w
Grewal and Saxena (1981) studied the effect of some factors
on the maximum heat transfer coefficient h between electricallymax
heated single horizontal tubes (D^ = 12.7, 19.0 and 28.6 mm) and an
air fluidised bed. They found that h decreased with increasemax
in tube diameter (h amax t
McLaren and Williams (1959) studied the effect of horizontal 
pitch/diameter ratio and of tube size on heat transfer coefficient 
for a well immersed tube bundle. They used two tubes of size 
60 and 35 mm and found that generally the 60 ram diameter tubes 
gave higher coefficients than the 35 mm tubes. This contradicts 
the above investigations, but the increase was less than 1 0 % and 
the tube significantly larger than those of other workers.
(iv) Influence of heat flux Grewal and Saxena (1977) studied the 
effect of heat flux Q on heat transfer coefficient. Their experi­
ments were conducted for two values of Q (40.8 and 162 VT) and the
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values of heat transfer coefficient were almost identical for each 
value of Q, other conditions remaining unchanged.
(v) Influence of horizontal tube spacing All previous investigators 
who studied the effect of horizontal pitch on heat transfer co­
efficient h agree that h decreases when the tube spacing is w w
reduced.
Gelperin et dl, (1968, 1969) studied heat transfer from a bundle 
of horizontal tubes in an in-line and staggered array. A decrease 
in the total heat transfer coefficient occurred with tighter bundles 
{i.e.f with decrease in horizontal pitch), due to hindrance of 
particle movement. The vertical pitch has a much smaller influence 
on the total heat transfer coefficient and was not included in their 
correlation for in-line tube bundles. Their proposed correlations 
for the maximum heat transfer coefficients were :
(a) for in-line tube arrangements [Figure 1.4(a)]:
D 0.25
NU = 0.79 A r ° * ^ M l  - — ) (1.21)max h
where : —  - 2-9
and
(b) for a staggered bundle [Figure 1.4(b)]:
r  D ' D
= 0.74 1 - -  (1 - — ) (1.22)
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(A) In-line arrangements of tube bundle
(B) staggered arrangements of tube bundle
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Lese and Kermode (1972) studied heat transfer from electrically 
heated horizontal tubes in the presence of nearby unheated tubes.
They investigated the effect of the diameter of unheated
tubes, centre-to-centre distance from the heated tube to other 
tubes, the number of the unheated tubes, the angle of unheated tubes 
with respect to the heater and the type of bed material. When two 
tubes of the same diameter were placed side by side, h decreased 
by 2 3% from that of the single tube. With unheated tubes on both 
sides of the heated tube h^ was reduced by up to 56%. With un­
heated tubes on both sides and the bottom of the heater, the heat 
transfer coefficient decreased by 2 0 % from that value with the un­
heated tubes on the sides only. The tubes on the bottom apparently 
kept bubbles from reaching the bottom of the heater, thus preventing 
solid renewal and therefore reducing the heat transfer there.
Bartel and Genetti (1973) investigated the rate of heat transfer 
from abundle of electrically heated horizontal tubes in a staggered 
array in an air fluidised bed. They found that the total heat 
transfer coefficient for the bundle increased with increases in tube 
spacing till 38 mm, but with further increases in tube spacing there 
was no additional increase in the total heat transfer coefficient.
The rate of heat transfer also increased witn a decrease in particle 
diameter and with an increase in fluidising velocity.
Zabrodsky et at, (1981) include experimental results for both 
an in-line and a staggered bundle of horizontal smooth tubes. The 
fluidised particles were of two sorts : 2 mm spherical millet and
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3 mm non-spherical five clay. They concluded that the horizontal 
pitch significantly affects heat transfer, but the vertical pitch 
had an insignificant effect. They compared their data with the 
correlation made by Glicksman and Decker (1979) and found it only 
fitted their data for the case of the widely spaced tube bundles 
with fit"^ clay particles. Their correlation necessarily contains 
both the conductive component and the gas convective component, 
because of the large particle size used.
1/
7.2 k (1-E)
\  = ----------5 i   + B u / . 'C p ^ p ^ D p  ( 1 . 2 3 )
h^ in V m   ̂ C  ̂/ k^ in "kAn" ̂ C ^, Dp in m, in m s ^ i n  
and in V s  kg“  ̂C~^.
m"^
Grewal (1981) compared his experimental data of heat transfer 
between electrically heated tube bundles and fluidised beds with 
existing correlations. He concluded that none of these correlations 
satisfied his data. He proposed a new correlation to fit his data 
and the data of others for small particles (< 1 mm):
GD P n /  D  1 .7 5
(1.24)
for 1.75 ^ ^  <  9
1.2.3 Gas injection into a fluidised bed
The fluid dynamic of air jets in fluidised beds influences the 
design of the jets and this subject is briefly reviewed.
- 29 -
Markhevka et at. (1971) studied the flow mechanism of a gas 
jet into a fluidised bed using kinephotography, because of its 
importance for heterogeneous chemical processes which occur in the 
gas jets near the grid. Analysing their data statistically, they 
developed a method to calculate the dimension of the jet and the 
gas bubble developed at any time.
Behie et at. (1971) reported on some experimental aspects of 
momentum dissipation of grid jets in a gas fluidised bed. They 
investigated the radial distribution of axial momentum for air jets 
from a vertical nozzle and found that it agreed with Abramovich 
theory (1963).
Merry (1971, 1976) measured penetration depths of horizontal 
and vertical air jets into fluidised beds. His experiments showed 
that the penetration depth increased with nozzle diameter and jet 
nozzle velocity. He proposed the following correlations:
for horizontal jets, and
P D 0 . 3  V  ̂ 0.2
5 -  = 5.2 (— ) (1.3(— ) -1] (l'.26)
o s o
for vertical jets. These correlations were used to design the gas 
injection system used in some of the experimental work. Design 
details are given in Appendix U  and a general description of the 
apparatus will be given in the next chapter.
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Donadono and Massimiila (1978) used a vertical gas jet at a 
nozzle velocity of 90 ms“  ̂ in an air fluidised bed. They concluded 
that the turbulent jet theory could be a basis for studying momentum 
and heat exchange mechanisms between the jet and the bed. Increase 
in particle size and density produced an increase in solid concen­
tration in the jet and slip velocity between gas and solid was high.
Yang and KecÜTnô ( 1979, 1981) determined the gas velocity profile 
in a jet inside a fluidised bed. They concluded that the maximum 
velocities at the jet axis were inversely proportional to the distance 
from the jet nozzle and the absolute amount of gas entrained into 
the jet was directly proportional to the jet velocity. Also, they 
compared the correlation for single jets with jet penetration data 
for multiple jets and they estimated the jet penetration depth of 
multiple jets.
Donadono et aZ. (1980) injected air at the bottom of shallow 
fluidided beds of different material to determine the rate of momentum 
and heat exchange between the jet and the bed. They concluded that 
the jet expanded rectlinearly (solids were entrained along path lines 
vertical to the jet axis), radial gas and particle velocity profiles 
and temperature profile were consistent with the theory of homogeneous 
jets.
1.3 Conclusions
The different mechanims of heat transfer presented are not 
necessarily contradictory, but may correspond to different ranges of 
emulsion contact times. These result from different operating 
conditions, location and geometry of the exchange surface. The
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measurements of particle residence times, which have been made 
and which require a specialised technique, were made with the aim 
of relating the times to heat transfer rates and not to the fluidising 
conditions.
The fluidising velocity and particle diameter are important 
parameters in controlling the rate of heat transfer between a surface 
and a fluidised bed in both deep and shallow fluidised beds. The 
bed height has a significant effect only in shallow beds.
Vertical tubes give better heat transfer than horizontal tubes, 
but horizontal tubes are more applicable in industry. For hori­
zontal tubes, the tube diameter and position in the bed have a 
significant effect on heat transfer. Tube material is of no signi­
ficance .
The freedom of particle movement near the heat transfer surface 
is an important parameter in controlling the rate of heat transfer. 
Different design methods have been used to enhance particle movement. 
Heat transfer rate decreases with a decrease in the horizontal tube 
spacing, since this limits particle movement. Vertical tube spacing 
has much less effect than horizontal spacing.
The design formulae proposed by various investigators should 
only be used in calculations for cases close to the experimental 
conditions. No single correlation can be expected to cover the 
whole range of conditions which are encountered in fluidised systems.
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1.4 Scope of present investigations
In this work some factors which limit heat transfer from a 
horizontal heater immersed in a shallow fluidised bed were explored. 
The effect of fluidising velocity, particle size, bed height, heat 
flux and heater location above the distributor were determined (see 
Chapter 3).
The effect of horizontal rod spacing on heat transfer coefficient 
was studied by placing unheated rods nearby. The data obtained was 
compared with previous correlations and a modified correlation was 
developed (see Chapter 4).
It is thought that it might be possible to introduce solid laden 
gases into a fluidised bed by way of gas jets, since solid laden 
gases cannot be introduced through a normal distributor. In order to 
simulate the likely effect on heat transfer, air jets were used.
Both horizontal and vertical jets were employed. The effect of jet 
velocity, jet position and jet direction in the bed on heat transfer 
were determined and a relationship obtained (see Chapter 5).
Some further theoretical considerations and a comparison with 
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CHAPTER 2 
E X P E R I M E N T A L  E Q U I P M E N T
This chapter will describe the details of the experimental 
apparatus. The methodology and experimental procedure will also 
be discussed.
The experimental set-up consisted of several independent units 
such as a fluidised bed, air supply system and electrical system for 
the heat transfer surface. The fluidisation bed facility was in­
strumented for the measurements of temperature, pressure, air flow 
rate and electrical power (heat input). An overall schematic
representation of the fluidised system is shown in Figure 2.1. The
individual components of this system are described in detail below:
2.1 Main test apparatus
2.1.1 The bed
The fluidised bed for the experimental investigation was con­
structed from mild steel, with internal dimensions of 0.245 m wide 
by 0.495 m long and a height of 0.3 m above the distributor plate.
The entrance region below the distributor plate was 0.245 m wide by 
0.495 m long and 0.1 m high. The entrance region and the upper 
portion of the bed were bolted together to give an air-tight seal,
(see Figure 2.2 for details).
A static pressure tap was fixed below the distributor and four 

































the bed temperature. The bed temperature was taken as the average of 
four readings. All noted temperatures were recorded on a Philips 
PM 8252 dual pen temperature recorder of sensitivity 3.5 mv - 50 v 
and with a sensitivity setting ±0.25% of the reading. A Eurotherm 
digital temperature indicator type 141 (temperature range 0 - 500° C) 
was also used. Its overall accuracy of ±0.5% of the total display 
range is not high and it was used solely as an indicator.
2.1.2 The distributor
The distributor plate consisted of one sheet of porosint bronze 
type M-14 Grade C, of thickness 5.1 mm. It was produced by Sintered 
Products Limited. The pressure drop across the plate was measured 
with the bed empty as a function of air velocity,as shown later in 
Figure 3.1.
2.1.3 Air delivery system
For small particles (127 and 247 |im diameter) air was delivered 
to the bed by the main air line which was capable of supplying up to 
3000 lit/min of air [Figure 2.3(a)]. For the coarser particles 
(335 |im diameter) an air blower produced by Alldays Peacock and Company 
Limited was used. The air from the main air line passed through a 
reducing device and a control valve before entering the rotameter.
The air from the blower was controlled by a globe valve [Figure 2.3(b)]
The air flow was measured by a Fisher Controls series 2000 and 
tube size 55 rotameter. This rotameter could read up to 4000 lit/min 
of air at our conditions. The rotameter was calibrated for the two 
types of float used (A and K) . The error of rotameter reading was 


























































































Three batches of silica sand of mean diameter 127, 247 and 335 pm
were used in all experimental work. The properties of the material
and the sieve analysis are shown in Appendix J. The density of
solid was measured using a specific gravity bottle (Appendix I).
The minimum fluidisation velocities for the two larger sizes of
particles were measured in the conventional way by plotting the
pressure drop across the bed against the superficial gas velocity for
both increasing and decreasing gas flows. The intercept of the two
straight line segments gave a value for U . For the smallestmf
size (Dp = 127 pm) it was calculated from the Ergun equation (as 
mentioned in Chapter 3), because these particles started to fluidise 
at a volumetric flow rate below the minimum reading on the rotameter 
scale.
2.2 Heat transfer section
Four different sizes (9.4, 18, 25.3 and 30 mm diameter) of bare 
rods were investigated to find the effect of heater size on heat 
transfer. Three of these were copper rods and the smallest one 
was made from brass. The three sizes of particles were used with 
each heater. Another heater of diameter 25.3 mm, but made from 
mild steel, was used to investigate the effect of heater material on 
heat transfer. Another heater of brass with thermocouples silver 
soldered into its surface was also used in order to see if this 
method of connecting thermocouples to the heater would have an effect 
on the measured heater temperature. The procedure used for all
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heaters was essentially the same. Schematic diagrams of heater 
assemblies are shown in Figures 2.5(a)-(c).
The heat transfer rods were electrically heated by Chromalox 
cartridge heaters, types Z375 and Z1. The ends of the heaters 
were provided with tufnol support to reduce axial heat loss.
Two chromel-alumel thermocouples were positioned along the 
outer wall of the instrumented rod, on its surface. For two of the 
cartridge heaters (9.4 ram and 25.3 mm diameter respectively) the thermo­
couples were silver soldered to the heater surface, as mentioned above. 
For any heater under investigation, one of its thermocouples was 
connected to the temperature recorder, together with one of the bed 
thermocouples, in order to find the temperature difference directly.
The other thermocouple was connected to the temperature indicator 
to measure the absolute temperature of the heater. The heated rod 
was held above the distributor by a moveable holder attached to one 
insulated end. Thus it could be moved freely above the distributor 
to the vertical location required.
The heater was heated by an individually controlled power supply. 
The power input was regulated by using a rheostat and measured by a 
watt meter.
Wooden rods of 18 mm diameter were used as unheated rods with the 
18 mm diameter heater only, for investigation of the effect of hori­
zontal rod spacing on heat transfer. They were fixed at the same 
level as the heater above the distributor to form an in-line rod array 
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2.3 Procedure and test parameters
The heater was inserted in the desired configuration. The bed
was filled with the desired type and height of solids. The bed was
then fluidised by introducing the required amount of air for fluidisa­
tion. After the bed was fluidised, the heater was turned on at low 
wattage. The heater wattage was increased stepwise until the desired 
wattage was reached. Once steady state had been attained, the data 
were taken. These included power supplied, rotameter readings, 
atmospheric pressure, bed temperatures, pressure drop and surface 
temperature of the heated rods. Once the steady state readings 
were completed, settings were changed for the next run.
The single heater studies were carried out in fluidised beds of
silica sand at a range of flow rates up to six times the minimum 
fluidisation flow rate. To study the effect of one parameter, the 
other parameters were fixed. The parameters investigated for the 
single heaters were: fluidising velocity (from to 6 , particle
size (three sizes: 127, 247 and 335 |im diameter respectively) , bed 
height (six heights were investigated: 30, 50, 100, 150, 180 and 200 mm; 
the last three heights were in respect of the 18 mm diameter heater only), 
heat flux (three different fluxes: 20, 30 and 40 watt were investigated),
heater location above the distributor (starting from 10 mm above the 
distributor up to 100 m m ) , heater diameter (the four sizes were investi­
gated) and heater material (copper and mild steel heaters of the same 
size, 25.3 mm diameter, were investigated).
Only the 18 mm diameter heater was used to study heat transfer 
from a single horizontal heater in the presence of unheated rods. The
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heated rod was located at 30 mm above the distributor plate (as this 
position was found to give high heat transfer for the three main bed 
heights) and positioned as shown in Figure 2.1. The unheated rods 
were located on both sides of the heated rod at the same height above 
the distributor. At first, twelve unheated rods were used (six on 
each side), then the number was decreased for each new run from twelve 
to ten, then eight, six, four, two and finally a check run with no 
unheated rods was made. The effect of horizontal pitch (rod to rod 
centre) at different particle size and different bed height was thus 
examined.
2.4 Experimental facilities and technique for gas injection
As shown in Figures 2.6 and 2.7, two perforated pipes were 
connected together at one end, the other ends being closed. Each 
pipe was drilled with six openings as gas jets. The air supply was 
from the main air line. The bed was maintained at minimum fluidisa­
tion by an air supply from the air blower mentioned earlier.
Two pipe configurations were used, one for horizontal jets and 
the other for vertical jets. Each of the perforated pipes had six 
holes, three on each side for the horizontal jets and six on the top 
side for vertical jets.
The diameter of the main pipe from the rotameter and the two 
perforated pipes were 12 mm and the diameter of the openings was 
1.7 mm. Details of the design are given in Appendix II.
The flow rate of air to the manifold was controlled by a control 
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24, which could register up to 200 lit/min. The variable parameters 
affecting heat transfer and which were tested were: perforated pipes
location in the bed, jet direction and jet velocity. Two different 
locations for the perforated pipes were tested for the three different 
bed heights and the three different particle diameters for horizontal 
jets only. The first location was below the heated rod (at 15 and 
30 ram respectively above the distributor for bed heights of 30, 50 and 
100 mm) and the others were above the heated rod (at 30 and 60 mm above 
the distributor for bed heights of 30, 50 and 100 mm respectively).
For vertical jets, the manifold was located below the heater at the 
same position as for the horizontal jets. Four different sizes of 
heater were tested. For the same run, the nozzle velocity was fixed 
at a specific value. Three nozzle velocities were tested (30, 60 
and 90 ms“ )̂ to find the effect of jet velocity on heat transfer. 
Vertical jets were tested, as well as the horizontal jets, to find the 
effect of jet direction on heat transfer.
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CHAPTER 3
HEAT TRANSFER FROM A CYLINDRICAL HEATER
3.1 Experimental procedure
The experimental apparatus has been described in Chapter 2. The 
properties of the material used in this study are given in Appendix A.
Three settled bed heights were investigated (100, 50 and 30 m m ) . Except 
for experiments to study the effect of heater location, the single heater 
was mounted horizontally with its axis 30 mm above the distributor plate. 
(This position was found to give a peak value in heat transfer coefficient 
for the three heights investigated, especially for the smallest particle 
size.) The cylindrical heater used in most of the experiments was elec­
trically heated with a calrod heater and was fitted with two chromel 
alumel thermocouples, as shown in Figures 2.5(a)-(c). The heater was 
oriented such that the two thermocouples were in the horizontal plane 
through the axis of the heater. Four thermocouples at different levels 
in the bed were used to measure the fluidised bed temperatures. The 
average of these four values was used in the calculation of the heat 
transfer coefficient. The average temperature difference between the 
heater surface and the bed varied between 9-50* C, depending on particle 
size, fluidising velocity, and size of the heater, as mentioned before 
in Chapter 2.
The following equation was used to calculate the average heat transfer
coefficient h : w
\  " A (T^^- T ) w ® b
Bed pressure drop was plotted as a function of flow rate. The 
minimum fluidising velocity was obtained from the AP-U^ graph and the 
bed voidage was calcuated from the relationship:
AP = H (1 - e ) (p - p )g (3.2)mf mf s g
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3.2 Experimental results
The experimental results which show the effect of seven different 
parameters on heat transfer between a single cylindrical heater and a 
shallow fluidised bed are presented below. Discussion is mainly left 
for section 3.3.
3.2.1 Pressure drop measurements
The pressure drop across the distributor plate and bed pressure 
drop for the three bed heights (100, 50 and 30 mm) and for the three 
particle sizes were measured. They are shown in Figures 3.1-3.4.
The pressure drop across the distributor is directly proportional 
to the flow rate. For a settled bed height of lOO mm for the 247 ym 
sand, it is found to vary from 1 0 % to 50% of bed pressure drop when 
the velocity varied from (U^^J to (3U^^). When fluid was passed up­
ward through the bed, AP initially rose as the flow rate increased.
The relation between AP and the fluid velocity is that appliccible to 
a fixed bed, and a linear relation exists. When the velocity had 
reached (U^^), any further increase in velocity resulted in a slight 
upward movement of the particles, and AP remained constant. From the 
AP-U^ plot, the value of can be observed experimentally. It is 
the velocity at the interaction of the two linear plots describing 
(a) the constant pressure drop with increasing velocity and (b) the 
decreasing pressure drop with decreasing velocity.
The minimum voidage can be determined directly from equation 
(3.2) .
The weight of the bed w per unit bed cross-section A  {-^) was
bcompared with the value of AP at minimum fluidisation, and it was 
found that is slightly higher than AP determined experimentally.
The differences are roughly 5%. For bed heights of 50 mm and 30 mm 
the discrepancy in Ap is 45 N/m^.
3.2.2 Effect of fluidising velocity on heat transfer
To show the dependency of the heat transfer coefficient on fluidising 
velocity for the different particle sizes, three runs of experiments 












































































































Table 3.1: Effect of fluidising velocity on heat transfer
hf w














Effect of fluidising velocity on heat trans
(Dp = 247 pm, H = 100 mm)
hf w












0 . 2 2 388
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Table 3.3: Effect of fluidising velocity on heat transfer
(Dp = 335 Mm, H = 100 mm)
hf w








0 . 2 2 338
0.24 338
0.26 338
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Fig.(3.7)  The dependence of heat transfer coeff icient
on f l u l d i z in g  v e l o c i t y  (H:  100mm.  335fwn)
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other parameters affecting heat transfer were kept constant: static
bed height kept at 100 mm, heater position at 30 mm and the heater of 
18 mm diameter chosen.
The relation between h^ and Uf is shown in Tables 3.1-3.3 and 
Figures 3.5-3.7. The qualitative variation of the dependence of hŷ  
on Uf in each case is in complete agreement with the reported trends 
observed by various earlier investigators in deep beds 
Vreedenberg (1958)] and in shallow beds [e,g.^ Andeen and Glicksman
(1976) ]. The increase in hw with flow rate is much more rapid for
small particles.
The H-U curve is similar to H-U Curves observed before for shallow 
beds [Yuditskii and Zabrodsky (1968), Andeen and Glicksman (1976) and 
Al-Ali (1977)]. From Figures 3.6 and 3.7 the H-U curve is seen to 
increase rapidly at low Uf and then increase slowly to h^^x ^op* It 
remains constant at h^a* when Uf is increased beyond Uop. For the 
smallest particles (127 y m ) , Uop and hence hmax was not reached before 
élutriation occurred. When the heater was turned 90° from its original 
position such that the thermocouples were on the top and bottom of the 
heater, both top and bottom thermocouples indicated higher surface tem­
peratures than those at the side, with the bottom temperature being
slightly lower than the top one. This implies variation in the local
heat transfer coefficient. The difference between the top and side 
temperatures is less than 5%.
3.2.3 Effect of particle diameter on h#
Three different particle sizes (127, 247 and 335 pm) of the same 
material (silica sand) were used to find the effect of particle diameter 
on hŷ . The following parameters were kept constant: the heater size
(18 m m ) , heater location (30 mm above the distributor) and heat flux 
(20 watt). Three different bed heights were used.
The heat transfer coefficient decreases with an increase in solid 
particle diameter, as will be seen from Figures 3.8-3.10. This trend 
agrees with previous findings in deep beds [e,g.j Dow and Jakob (1951) 
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With the two larger particles maximum values of heat transfer 
coefficient for each bed height were obtained. The relation NU = 
constant Dp“^ was tested and the ind£x n was found to be in the range 
0.5-0.7. For given fluidising velocities equation (3.3) was used to 
obtain the value of n with (a) sizes 1 and 2 being 127 and 247 ym 
respectively and (b) sizes 1 and 2 being 247 and 335 ym respectively.
W 2
The value of n was found to be 0.5 for (a). For (b) it was 0.7, which 
means the dependency of h^ on Dp increases with increase in particle 
diameter for the same values of Uf-
3.2.4 Effect of bed height on heat transfer
The effect of bed height H on heat transfer has generally been 
neglected by most previous investigators.
Three different static bed heights were studied (lOO, 50 and 30 mm) 
for all three sizes of particles, while the other parameters were kept 
constant at the conditions given in Section 3.2.3. In addition, bed 
heights of 150, 180 and 200 mm were investigated for Dp = 247 ym (Table 
3.7) .
The heat transfer coefficient h^ was found to increase with increas­
ing bed depth, as shown in Figures 3.11-3.13 and Tables 3.4-3.6 for all 
three particle sizes. The effect is independent of fluidising velocity 
The effect of bed depth decreases above depths of 100 mm. Figure 
3.12(a) shows that when the bed depth was increased from 150 to 200 mm 
hw was approximately constant.
The effect of bed depth is more significant with the smaller 
particles. For example, at 2Ujjjf the increase in hw as the bed depth 
is increased from 30 mm to lOO mm is 31%, 23% and 13% for increasing 
particle size. At 3Umf the relative percentages are 30, 23 and 13.
- 67 -
Table 3.4: Effect of bed depth (H) on heat transfer
(Dp = 127 ym, = 18 mm)
(m s” )̂ H = 100 mm H = 50 mm H = 30 mm
0.025 260 220 200
0.028 270 230 208
0.033 290 245 222
0.037 310 262 235
0.041 325 275 250
0.046 340 289 260
0.05 354 300 270
0.054 366 310 280
0.058 380 320 290
0.064 395 335 302
0.07 413 350 316
0.75 426 360 325
0.08 439 370 335
Table 3.5: Effect of bed depth (H) on heat transfer
(Dp = 247 ym, D^ = 18 mm)
(m s“ )̂ H - 100 mm H = 50 mm H = 30 mm
0.05 240 212 190
0.064 283 251 230
0.07 296 263 240
0.08 318 282 260
0.095 340 302 275
0.109 356 316 290
0.128 370 325 300
0.145 380 335 310
0.162 388 344 316
0.174 388 350 320
0.2 388 350 320
0.22 388 350 320
0.24 388 350 320
Table 3.6: Effect of bed
6 8 -
depth (H) on heat transfer
(Dp = 335 |im, D^ = 18 mm)
. (m s H = 100 mm H = 50 mm H = 30
0.095 255 235 225
0.109 271 250 240
0.128 285 261 251
0. 145 300 275 265
0.162 314 290 277
0.174 325 300 287
0 . 2 338 311 300
0 . 2 2 338 311 300
0.24 338 311 300
0.26 338 31 1 300
0.28 338 31 1 300
Table 3.7: Effect of bed depth (H) on heat transfer
(Dp = 247 |im, = 18 mm)
, (m s“  ̂) H =30 mm H = 50 mm H == 100 mm H = 150 mm H = 180 mm H = 200 mm
0.05 190 212 240 260 265 265
0.08 260 282 318 332 350 350
0.109 290 316 356 375 380 380
0. 145 310 335 380 400 410 410
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Grewal and Saxena (1977) found an increase of only 1.5% with an 
increase in depth from 255 to 315 mm, which is in agreement with our 
observations. However, other work in deep beds [e.g.^ Dow and Jakob 
(1951) shows a decrease in with an increase in bed depth. With 
beds of ICX) to 400 mm and with of 50 and 75 mm, their relation was 
h^ a The present work agrees with most work in shallow beds
[e,g.y Al-Ali (1977), who found an increase of 15% with increase in 
bed depth from 28 to 50 mm ], and apparently contradicts other work in 
shallow beds [e.g.j Yuditskii and Zabrodsky (1968), who found no 
change in h^ with an increase in depth from 35 to 70 m m ] . However, 
they used large particles, over 700 ym diameter and as noted above, 
the effect of bed depth decreases with increasing particle diameter.
3.2.5 Effect of heater diameter on heat transfer
The effect of heater design was investigated by using two heaters 
of the same diameter (25.3 mm). The first one was of the type shown 
in Figure 2.5(b), where the thermocouples were fixed in drilled holes 
inside the copper rod, the other was a brass cartridge heater with 
thermocouples silver soldered onto the surface.
From Figures 3.17 and 3.18 it was observed that there was very 
little variation in the values of h^ for the two heaters. It has been 
concluded that the difference in performance of any two heaters is 
attributed to differences in geometry and not to differences in method 
of construction. It was thus possible to investigate a wider range of 
heater diameter than other workers.
Four sizes of heaters nearly of the same length were used to study 
the effect of heater diameter on the heat transfer coefficient. Their
diameters were 9.4, 18, 25.3 and 30 mm. The following parameters were 
kept constant for every run: H = 100 mm and heater position 30 mm from
distributor.
The effect of on h^ is shown in Figures 3.14-3.16 for three
different particle diameters. From these figures we observed that the
heat transfer coefficient h decreases with an increase in heater dia-w
meter. The effect of heater diameter on h is increased as the heaterw
diameter is reduced; for the largest two heaters there is only small 
variation in h^.
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The present results agree well with most of the previous investi­
gators \e,g.^ Vreedenberg (1958), who used heaters sizes (D^) 16.9 and 
51 mm; Saxena et a t ,3 (1978) and Grewal and Saxena (1981), who used
= 12.7, 19 and 28.6 mm]. The only exception appears to be McLaren 
and Williams (1969) , who found that h^ increases by 10% with an increase 
in from 35 to 60 mm.
3.2.6 Effect of heater location on heat transfer
To determine the dependence of heat transfer coefficient h^ on the 
vertical position of the heater above the distributor, experiments were
carried out at a given particle size, fluidising velocity, bed depth
and heater size.
(i) Variable location at different particle size.-Only one heater size 
(18 mm) was used for this experiment, the bed depth being kept at lOO mm
and the three particle sizes 127, 247 and 335 ym were used.
For the two larger particle sizes the fluidising velocity taken for
each size was U (0.162 and 0.2 ms~^). For the smallest size theop 1
maximum value of Uf was limited by élutriation to a value of 0.08 ms
Thus for all three particle sizes the value of the heat transfer co­
efficient at 30 -%Am above the distributor was highest as defined in 
Section 3.2.2.
The effect of location £ on h^ for the three different particle 
sizes is shown in Figure 3.19, from which it can be observed that this 
effect is slightly more significant for the smallest particles (127 ym) 
with peaks at 30, 60 and 100 mm above the distributor. For the other 
sizes of particle, there is only a small variation in h^ with the 
distance £, which agrees with Al-Ali (1977) observations.
(ii) Variable location at different fluidising velocity.-In this 
experiment only one particle size (247 ym) and one heater size (18 mm 
diameter) were used. Runs were made for three different fluidising 
velocities (0.064, 0.145 and 0.2 ms” *") .
The effect of location £ at different fluidising velocities on 
the heat transfer coefficient h^ is shown in Figure 3.20. This effect 
is more significant at low fluidising velocity which is 1.3 U^f- At 
the higher velocities of 3Umf and 40%^, the variation in h^ is limited 
to ±5% about a mean value.
- 8 0  -
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iii) Variable location at different bed depth.-For the same particle 
size (127 ym) , the 18 mm diameter heater was located at various dis­
tances above the distributor for three different bed depths investigated 
(lOO, 50 and 30 m m ) .
The effect of heater location I on the maximum heat transfer co­
efficient hmax' at different bed depth is shown in Figure 3.21. The 
effect of relative position of the heater (the ratio of its distance 
from the distributor to the static bed height) is shown in Figure 3.22.
The effect of bed depth on h^ax is more significant than the effect 
of heater location itself.
(iv) Variable location for different sizes of heater.-Two experimental 
runs were made to determine the effect of location for different sizes 
of heater. In the first run the particle size was 247 ym and a bed 
of 1CX> mm height was used. The particle size for the second run was 
127 ym for the same bed depth. Four sizes of heaters (D^ = 30, 25.3,
18 and 9.4 mm) were used in the two runs.
It can be seen from Figures 3.23 and 3.24 that the effect of 
location is most significant with the 9.4 mm heater and a particle size 
of 127 ym. For the 30 and 25.3 mm diameter heaters, heater position 
has no significant effect on h^a*.
3.2.7 Effect of heater material on heat transfer
Two heaters of the same diameter (25.3 mm) and of the same design 
[as shown in Figure 2.5(b)], but with two different materials (copper 
and mild steel) were used to study the effect of heater material on 
heat transfer.
From Figures 3.25 and 3.26, it can be seen that heater material 
has no significant effect on heat transfer. This observation agrees 
with previous work [e.g.j Grewal and Saxena (1981)].
3.2.8 Effect of heat flux on heat transfer
Three runs have been done to study the effect of heat flux Q on
heat transfer coefficient h . The heat flux was fixed for each runw
and the fixed parameters were kept the same as in Section 3.2.4. The
— 8 3 —
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chosen values of heat flux were 20, 30 and 40 w.
It can be seen from Figure 3.27 that the heat transfer coefficient
h^ increases slightly with an increase in heat flux Q. Comparing 
20 W with 40 W the effect is a consistant increase of 4%.
3. 3 Discussion
Based on this experimental study and the results obtained, the 
effect of the different parameters tested in these experiments will 
be examined.
(i) Pressure drop.-The primary function of the distributor is to
introduce fluidising gas to the bed and to promote uniform and stable
fluidisation.
According to Kunii and Levenspiel (1952), distributors should have 
a significant pressure drop to achieve equal flow through all openings.
In our experiments the distributor pressure drop was less than 50% of 
bed pressure drop. Nevertheless fluidisation was observed to be 
uniform,
(ii) Fluidising velocity.-Fluidising velocity is the most important 
factor affecting heat transfer in a fluidised bed.
The value of heat transfer coefficient h^ increases with increases 
in Uf, as the particle mixing is increased and hence the residence times 
of particles on the heater surface decreases.
The present H-U curves are similar to those found previously in 
shallow beds [Al-Ali (1977) and Andeen and Glicksman (1976)] . For 
the present H-U curves the value of h^ remains constant at hmax for 
values of Uf greater than Uop- This is due to the absence of slugs 
and large bubbles which would occur at velocities larger than Uop in 
deep beds and would occasionally envelope the heater.
The correlation of experimental data on the rising branch of the H-U 
curve is based on the relation:
h* = a U ^  (3.4)
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From graphs of log h^ vs log the values of a and m were found
for each H-U curve. The relationships are shown below for different
bed depths for particle size 127 |im, as an example, where U^ is to be
given in ms“  ̂ and h in W m“  ̂ K“ ^.w
h = 1394 for H = 100 mm (3.5)w X
h = 1164 u for H = 50 mm (3.6)w r
h = 1043 U ° f o r  H = 30 mm (3.7)w f
The values of a change with bed depth, but indices remain the same. 
These empirical equations are compared with the data in Figures 3.8-3.10 
This matter is taken further in Chapter 6 , where a correlation relating 
heat transfer to fluidising velocity, particle diameter, heater diameter
and bed depth is compared with the data.
From the values of m it can be concluded that the dependency of h^
on U^ is more significant with smaller particles.
When the values of m are compared with previous values (Table 3.8),
it is found to agree with those for shallow beds (m < 0.4). However,
C' j 1 f
, previous work in deep beds/found m to be more than 0.4.
(iii) Particle diameter.-It was noted earlier that the value of n for
equation (3.3) was 0.5-0.7. The corresponding indices in other work in 
shallow and deep beds varies above [e.g., Vreedenberg (1958) and Andeen 
and Glicksman (1976) n > 0.7] and below [e.g., Dow and Jakob (1951) and
Al-Ali (1977) n < 0.5] this range.
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The heat transfer coefficient h^ decreases with an increase in 
Dp, because:
(a) the particle surface area per unit volume of the bed is 
large for small particles, so they are more, efficient 
in exchanging heat with the surface than larger 
particles [Grewal and Saxena (1958)];
(b) with increasing particle size, longer local packet 
residence times ensue [Botterill (1975)].
The models of Baskakov (1964) and Xavier (1977), who modified 
M ickley and Fairbanks' (1955) packet model, express the resistance 
to heat transfer in terms of two parameters:
R = the contact resistance c
Rg = the packet thermal resistance.
R^ is dependent on film thickness which depends on particle diameter, 
but Rg depends upon the packet properties at minimum fluidisation. When 
Rg is significant, so the dependency of heat transfer coefficient on 
particle diameter is significant.
The details of the dependency of the heat transfer coefficient on 
Rg and R^ will be discussed in Chapter 6 .
(iv) Bed depth.-The effect of bed depth as shown in Figures 3.11-3.13 is 
that the deeper beds gave higher values of h^. The influence of bed 
depth on h^ decreases with increase in bed depth. The effect of bed 
depth is insignificant with bed depths larger than 150 mm. The initial 
increase in h^ with increases in depth can be explained frcm remarks 
by Botterill (1975):
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- the deeper bed expands less than the shallower one, resulting 
in a lower porosity in deeper beds; this will increase the 
particle/surface contacts in deeper beds, particularly at 
higher velocities which, in turn, increase h^.
- Bubble coalescence in the upper zone of the deeper beds 
could improve particle mobility in the lower zone, which 
also increases the value of h^.
In deeper beds {e.g., H > 150 mm) the bed expansion is not observed to 
differ when the depth is changed. Thus bed depth in these beds has very 
little effect on heat transfer as found from the present results and from 
previous work.
The effect of bed depth is more significant with smaller particles, 
and decreases with an increase in particle size. It is thought that the 
above two effects are more significant in the lighter particles.
The dependency upon fluidising velocity was slight and a simple 
relationship between h^ and bed height was found. It is
h a (3.8)w
where :
r = 0.22 - 0.24 for Dp = 127 urn
r - 0.16 - 0.18 for Dp = 247 |im
r = 0.1 - 0.12 for Dp = 335 pm
(v) Heater size.-Heater diameter D^ has a significant influence on h^,
as h increases with a decrease in heater diameter, as shown in Figures w
- 94 -
3.14-3.16. Zabrodsky's (1966) explanation was that bubbles cause the 
packets of particles to drift away from the heater, so giving frequent 
replacement (short residence time), which causes high heat transfer.
If the surface* is large, some of the bubbles only move the packets along 
the surface. There is a limit to the extent of this effect and with 
larger heaters, the difference in h is very small. This matter is 
discussed further in Chapter 6 , where it it shown that h^ is proportional 
to  ̂ for less than 25.3 mm.
There was a very small variation of 2.5% in h for the two heatersw
of the same diameter (25.3 mm), but of different construction. This 
small variation arises because the heater with the thermocouples silver 
soldered to the surface has thermocouples in direct contact with bed 
material, which decreases the recorded temperature difference and so 
gives an apparently higher h^ than the heater with thermocouples inside 
the heater.
(vi) Heater location.-At low elevations with low flow rates, bubbles are 
infrequent, so the packets will have long residence times on the surface, 
which gives poor heat transfer at this elevation. At high flow rates 
the bubbles were frequent, so that the packet residence time was shorter, 
which gave higher values of h^ at the same elevation and the effect of 
elevation was less significant.
At higher elevations with low flow rates coalescence of small bubbles 
leads to a higher transfer coefficient. This effect is more significant 
with smaller particles. However, at high flow rate the large bubbles 
at this elevation reduce the chance of the packet coming into contact with 
the surface, which has the opposite effect on h^.
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Away from the distributor, the heat transfer coefficient improves 
and the variation with location is small. The effect of bed depth on 
heat transfer coefficient is more pronounced than the effect of heater 
location at different bed depth. From Figure 3.22 for the effect of 
relative heater position for three depths on h^, it was found that the 
peak values were attained at the same relative position.
The effect of location on h for the four different sizes of heatersw
became less important with increasing heater size.
When the present results for the effect of £ on h^ were compared
with Al-Ali (1977) , they were found to agree. In particular, location 
was found to have little effect on h^, except for small particles (134 pm). 
In this case h^g^ fell near the distributor and showed two peaks : (a) at
a distance equal to half of the bed depth, and (b) in the cloud phase 
above the dense phase (Figure 2.1). These peaks were more pronounced 
in the shallowest bed (28 mm high) and at low velocities.
The present work apparently contradicts the results found by Yuditskii 
and Zabrodsky (1968), who used two shallow beds (35 and 70 mm respectively) 
and found that h was highest at low elevations where the clearance of the 
heater was only 5-10 mm from the distributor. However, their particles 
were significantly different from those used by Al-Ali (1977) and in this 
w o r k .
(vii) Heater material.-As expected, heater material was found to have no 
influence on heat transfer coefficient (Figures 3.25 and 3.26).
(viii) Heat flux.-Since the surface temperature increases with an increase 
in heat flux Q, the thermal conductivity of the fluidising gas close to the
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heater will also increase slightly, due to the change in the surrounding 
temperature. The thermal conductivity of air inceases by 2% as the 
temperature increases from 25 to 60° C. This partially accounts for 
the slight increase in the values of h^ when Q is increased from 20 to 30
and 40 watt (see Figure 3.27) .
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- 98 -
CHAPTER 4
Heat Transfer from a Horizontal Cylindrical Heater in the 
Presence of Unheated Rods
4 .1 Experimental Procedures
The experimental apparatus described in Chapter 2 was used. Only 
the 18 ram diameter heater was used for these sets of experiments. The 
heater was mounted with its axis 30 mm above the distributor plate. Un­
heated wooden rods of the same diameter as the heater were used to investi­
gate the effect of rod spacing. Seven different runs were carried out 
for each combination of particle size and bed height, starting with twelve 
rods (six on each side of the heater), then the number of wooden rods was 
decreased to ten, eight, six, four, two and finally, with the seventh run, 
only the heater was used. The rods were fixed at the same vertical posi­
tion as the heater {v.e., with their axes 30 mm above the distributor) and 
were positioned parallel to the heater. The spacing between the centres 
of the rods were equal.
The effect of horizontal rod spacing on heat transfer was examined 
for the three particle sizes (127, 247 and 335 pm respectively) and for 
three bed heights (100, 50 and 30 mm respectively). For one run the 
effect of spacing was studied with the heater turned 90° to give thermo­
couples on the top and bottom. By varying the number of wooden rods used, 
the horizontal pitch (rod to rod centre) was varied from 0.037 m to 0.13 m 
{i.e., pitch to diameter ratio varied from 2 to 7).
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4.2 Experimental Results
The results for the effect of horizontal rod spacing on heat transfer 
coefficient are shown in Figures 4.1 - 4,9 for six different rod spacings. 
From these results the heat transfer coefficient seems to increase with 
fluidising velocity in a similar manner, whatever the horizontal pitch.
For a given fluidising velocity, h^ increases with increasing pitch.
The effect of rod spacing increases slightly with an increase in par­
ticle size. Comparing the values of h^ when six rods were used with the
values of h when no unheated rods were used, h decreased bv 5% for Dp =w w " ^
127 pm, by 7% for Dp - 247 pm and by 8 % for Dp - 335 pm at - 2
(data for a 100 mm bed height with a horizontal pitch of 0.055 m ) . Also,
the effect increased slightly with an increase in bed heights. With Dp =
127 pm and a horizontal pitch of 0.087 m the reduction in h at = 2U ^w f mf
were: 2% for H = 30 mm, 2.5% for H = 50 mm and 3% for H = 100 mm. At
near to the effect of rod spacing was the same for all bed heights.
The percentage reduction in h^ at is 5% for the three bed heights.
The maximum value of heat transfer coefficient h , occurs at slightlymax
higher values of for closely spaced rods than for widely spaced rods
{e.g., for Dp = 247 pm and H = 100 mm the value is 0.152 ms~^ for =
0.13 m and 0.174 ms"^ for S, = 0.052 m ) .h
If we compare the results in Figure 4.2(b), which shows the effect of 
the rod spacing vdien the heater is turned 90° so that the thermocouples 
were on the top and bottom sides of the heater, with those of Figure 4.2(a) 
at the same conditions, when the heater is in its normal position, it is 
observed that in Figure 4.2(b) the effect of rod spacing i^ less significant
4 7 5
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Fig. ( 4 . 1 )  De pendence  of the heat  t r a n s f e r  coe f f ic ien t  on
the hor i zontal  spac ing  (Dp: 12 7/ ̂  m. H : 10 0 m m )
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the hor izonta l  spac in g  ( 0 ^ :  247|^m,H: lOOmm)
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than in Figure 4.2(a) . For example, in Figure 4.2(b) decreases by
10% when S, = 0.037 m, compared with that value of h for the heater n w
alone, while h^ decreases by 15% in Figure 4.2(a) . Also, at = 2 
for = 0.065 m, decreased by 8 % from the condition without using 
unheated rods in Figure 4.2(a), while it decreased by 6 % in Figure 4.2(b). 
With regard to the top and bottom local heat transfer coefficient, we can 
conclude that the effect of horizontal rod spacing is less significant 
(Tables 4.1 and 4.2).
4.3 Comparison of Experimental Values with Earlier Correlations
The literature survey indicated that few correlations were available 
for the prediction of the heat transfer coefficients of tube bundles.
Some earlier investigators proposed some correlations for tube bundles 
relating Nusselt number to the other factors investigated, but the effect 
of tube spacing was not included in their correlations [e.g., Petrie et al. ̂ 
(1968) and Andeen and Glicksman (1976)]. Their apparatus was described 
in Chapter 1.
The present results are compared with two earlier correlations: the
first one was proposed by Gel'perin et al., (1968), who presented a cor­
relation which relates the maximum heat transfer coefficient h (in themax
form of maximum Nusselt number NU ) to Archimedes number Ar, and themax
horizontal tube spacing. The second one was proposed by Grewal (1981).
Their correlation which is not restricted to h includes the effect ofmax
horizontal tube spacing and other dimensionless terms (including gas and 
solids properties and tube diameter).
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Table 4 .1
Comparison of the effect of rod spacing for different heater orientation
(i) Dp = 127 pm, H = 100 mm
% decrease in % decrease in % decrease in
h^ at side of h^ at bottom h^ at top of
heater of heater heater
(a) = 0.025 ms~^
h,, no unheated rods 
(%m- 2 K-l)
260 256 248
m 0.13 0.7 0.5 0 . 0
0.065 3.1 2.5 2 .0
0.043 5.4 4.0 3.0
(b) = 0.037 ms'l
h no unheated rods 
(%m-2 K-i)
310 304 297
m 0.13 1.6 1.0 0.7
0.065 4.5 4.0 3.0
0.043 7.7 7.0 6.0
(c) Uf = 0.05 ms~^
h no unheated rods 
(wm-^ K-i)
354 347 340
m 0.13 1.7 1.0 0.7
0.065 5.1 4.5 4.0
0.043 8.4 8 . 0 7.5
(d) Uf = 0.075 ms~^
h no unheated rods 
(wm“  ̂ K-l)
426 418 410
Sh m 0.13 3.0 2 . 0 1.5
0.065 7.7 7.0 6 .0
0.043 1 1 . 8 1 1.0 10.0
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Table 4.2
Comparison of the effect of rod spacing for different heater orientation
(ii) Dp = 335 pm, H = 100 mm
% decrease 




% decrease in 
h^ at bottom 
heater
% decrease in 
h^ at top of 
heater
(a) = 0.095 ms ^
h^ no unheated rods 255 250 245
(wm"^ K-i)
S, m 0.13 h 0.3 0.1 0 / 0
0.065 4.7 3.5 2.5
0.043 6.7 5.6 4.8
(b) = 0.128 ms“ ^
h^ no unheated rods 285 280 275
(wm-^ K-i)
S, m 0.13 h 0.7 0.5 0 .2
0.065 5.0 4.1 3.2
0.043 7.0 6 . 0 5.1
(c) = 0.162 ms~^
hy, no unheated rods 314 308 303
(wm-2 K-l)
S, m 0.13 h 1 .2 0 . 6 0.3
,0.065 5.7 5.0 4.5
0.043 10 9.0 8 . 0
(d) = 0 . 2 ms“ ^
h^ no unheated rods 338 332 326
(wm-^ K-i)
m 0.13n 2.3 1.5 1.0
0.065 7.7 7.0 6 . 0
0.043 12.7 1 2 . 0 1 1 . 0
— 1 1 3 “
4.3.1 Comparison with Gel'perin et at., (1968) correlation
They investigated the heat exchange properties of a gas-solid fluidi- 
sed bed (480 mm high) containing a straight-row tube bundle. Having 
measured the heat transfer coefficient, for different particle sizes, 
different distances from grid and different tube spacing, they proposed 
the following correlation for the maximum heat transfer:
D.
NU = 0.79 A r ° (1 - — ) °*^^ (4.1)max S,h
for 10 Ar ^  10^
Their range of tube spacing was 2D^ < < 9.5D^, which is similar to
the one used for this work.
Since their correlation applies only for maximum values of the heat 
transfer coefficient, we can only apply it to the present results for the 
two larger particle sizes: Dp = 247 pm and Dp = 335 pm. Details of the
relevant calculations are given in Appendix IV.
The comparison between the experimental values of maximum heat trans­
fer coefficient, and the predicted values from Gel'perin et al., (1968) 
in their correlation [equation (4.1)], is shown in Figure 4.10.
As was observed from Figure 4.10, the present experimental results 
for the 247 pm particle size fall within the range 0 for bed height
of 100 mm) andO tb+25*/(for bed heights of 50 and 30 mm). For the 335 pm,
the values nearly fit the predicted values from equation (4.1) for bed 
height of 100 mm, but the experimental values fall cloGG to+25% of the 
























From the comparison of the present experimental data with Gel'perin 
et dl. y (1968) correlation [equation (4.1)], we can conclude that this 
correlation fits the present data well, especially for the 100 mm bed 
height. The correlation was more accurate for the 335 pm particle size 
than the 247 pm size at this bed height.
4.3.2 Comparison with Grewal (1981) Correlation
This correlation for the heat transfer coefficient between a horizontal 
staggered tube bundle and a gas-solid fluidised bed is based on experimental 
data for the heat transfer coefficient between electrically heated hori­
zontal tubes and fluidised beds of alumina and silica sand.
Their Ar range is 300 < Ar < 10000 and the range of horizontal spacing 
to tube diameter
S,
1.75 X  —  X  9
The present range for Ar and —  is within these values. The correlation is
4 7 (1-E)
(4.2)

























































Key to Figure 4.11
Symbol Dp H
(pm) (mm)
O  127 100
<» 127 50






^  335 30
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The physical properties of the gas and solid particles are 
shown in Appendix I. The calculations of the different parameters 
in equation (4.2) and the calculations for the predicted values of 
h^ from equation (4.2) are shown in Appendix IV.
As shown in Figure 4.11, the experimental values of for
the three sizes of particles are within ±25% of Grewal's (1981) cor­
relation for a bed height of 100 mm. The experimental values of 
for Dp = 127 pm shows lower values than the predicted values for all 
three bed heights. For the other sizes of particles the experimental 
values are higher than predicted values for 100 mm bed height and on 
either side for the other depths. For the smallest size of particle 
predicted values of h^ at 50 and 30 mm bed heights are particularly 
low and fall outside the ±25% limit suggested by Grewal (1981).
4.4 Discussion and Proposed Equation
The unheated rods will act as baffles, reducing solid circulation, 
which in turn, will reduce heat transfer. The effect is more promi­
nent at the sides of the heater, which is the area of greatest heat 
transfer. Lese and Kermode (1972) have shown that for closely spaced 
rods there is a region of high voidage between them, due to high local 
gas velocities. This will also reduce heat transfer by reducing the 
thermal capacity of the packets/emuIsion close to the heater.
From Figures 4.1-4.9, it was observed that the maximum values of 
heat transfer coefficient occurrred at slightly higher values of 
for closely spaced rods than for widely spaced rods. This could be 
explained by restrained movement of solid particles with closely 
spaced rods.
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It was also observed that the effect of horizontal rod spacing 
is increased slightly with an increase in particle size, which means 
that the particle movement of larger particles is affected more.
The lower values of h^ with a decrease in bed depth is attributed 
solely to the effect of bed depth itself and not to spacing, as ex­
plained before in Chapter 3.
When the present experimental data for the effect of horizontal 
rod spacing is compared with some previous correlations, it was found 
that Gel'perin et aZ. 's (1968) correlation predicted the experimental 
data for NUmax satisfactorily for the highest bed depth, 1 0 0 mm, but 
there was a small variation with other heights, due to the effect of 
bed height on h^. The details are shown in Figure 4.10.
Grewal's (1981) correlation, which is more general than the one 
by Gel'perin et al. (1968) (not being limited to NUmax^ f also satisfied 
most of the experimental data. At the errors were larger when
compared with the correlation by Gel'perin et at. (1968). The differ­
ences between predicted and experimental values are somewhat greater, 
particularly for the smallest particle size.
Based on the present experimental data anf* equation:
(a) to fit the data more accurately;
(b) to consider both the horizontal rod spacing 
and bed depth; and
(c) to include Archimedes' number Ar, since it gives 
the effect of particle size,
has been considered.
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The equation for the maximum Nusselt number can be in
the form:
0 . 2 2 ,  H , a i , S h  b j  
)t'
NUmax = const. Ar " (-j^) (— ) (4.4)
The index for Archimedes' number is made the same ae the number 
used by Gel'perin et at. (1968). Since there is no change in heat 
transfer coefficient with increase in bed depth above 150 mm, we 
arrive at the factor of (- ^^) . The value of a% can be taken as 0.2, 
since the variation of h^ with H is such that
h^ a H ° •  ̂ (4.5)
The value of bi from regression analysis of the present data was 
found to be 0.09. In view of the approximate nature of correlations 
of this type, 0.1 was tested instead of 0.09 and little change was 
found. Thus the propsed equation becomes :
NUmax = 0.7 (4.6)
The experimental values of hmax for the two larger sizes of 
particles were found to be well within ±10% of the predicted values 
of hjjĵ jç, as shown in Figure 4.12. The average error is 4%.
When the experimental values of Gel'perin et at. (1968) and 
Grewal (1981) were ccxnpared with the present correlation, they were 
found to be within ±15% of the predicted values from equation (4.6) 
(Figure 4.13). There is not enough data in the above two papers 
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G A S  I N J E C T I O N  IN T H E  F L U I D I S E D  BED
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CHAPTER 5
GAS INJECTION IN THE FLUIDISED BED
5.1 Introduction
As mentioned in Chapter 1 , some work concerning jetting in 
fluidised beds has been done. Most earlier investigations were 
studies of the mechanisms of momentum transfer between the gas jets 
and the fluidised bed [Donadono and Massimilla )1978) and Behie et 
al, (1971)].
Expressions for the penetration depth in the bed have been 
given [Merry (1971, 1975) and Yang and Keirns (1979)]. Some other 
groups have studied the effect of quenching hot jets in fluidised 
beds [Behie et al. (1971)].
In this w o r k , the effect of using air jets to enhance heat 
transfer between a heated surface and a fluidised bed was studied.
The variables studied were: particle size, bed height, heater
size, volumetric quantity of air emerging from the jets in the bed, 
jet position in the bed, the heater location with respect to the bed 
depth, jet direction (vertical or horizontal) and jet velocity.
In particular, comparisons have been made between results when 
jets were used and when no jets were used. The comparisons are at 
the same volumetric quantity of air entering the bed.
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5.2 Experimental procedure
The manifolds were described in Chapter 2. For the horizontal 
jets the pipes were located at two different positions, firstly below 
the heater and secondly above the heater,* to find the effect of jet 
positions in the bed on heat transfer. For vertical jets the pipes 
were only located below the heater. Three different jet velocities 
were examined to find the effect of jet velocity on heat transfer.
The highest velocity tested was 90 ms~^, because for velocity higher 
than that élutriation of the particles from the bed occurred, es­
pecially when the jets were vertical.
These sets of experiments were run for the three chosen sizes of 
particles and for the three heights of the bed mentioned before. 
Experiments were run for the four different sizes of heater to find 
the influence of gas jets on heat transfer with increasing heater size
To find the enhancement effect of using gas jets, the values of 
the heat transfer coefficients h^ when no jets were injected (only 
the fluidising air of volumetric flow rate Q) are compared with the 
values of h^ when the same volumetric quantity of air was used in 
two portions, one through the distributor and the other through the 
gas jets.
5.3 Horizontal jets
The perforated pipes used for gas injection were located at two 
fixed positions for each bed height. The two positions were examined 
for different sets of experiments. The heaters were also located at 
two different positions for each bed height. These locations are
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shown in Table 5.1. These two different sets of experiments were 
carried out in order to study the effect of jet position on heat 
transfer. Three different jet velocities were examined for each 
position (30, 60 and 90 ms~^) . Fou.r heaters of different sizes 
were used (D^ = 30, 25.3, 18 and 9.4 am) .
The effect of increasing jet velocity while the fluidising 
velocity is kept constant is shown in Tables 5.3-5.5 for = 18 mm. 
Corresponding data were obtained for the other heaters. Th.s cor­
responding values of h^ for fixed values of Q were obtained from 
these data.
The results for horizontal gas jets and the smallest particles 
(127 pm) with the heater located above the perforated pipes are 
shown in Figures 5.1-5.12. These cover the various jet positions 
previously mentioned, the three bed depths and the four sizes of 
heater. We observed that for the same amount of air, heat transfer 
is enhanced by the use of gas jets. The effect is increased by in­
creasing jet velocity {e.g. y for 9.4 mm diameter heater at Q  =
0.0057 m^ s~^ h^ is increased by 15% at U = 3 0  ms“ ^, 21% at =
60 ms~^ and 24% at U q = 90 ms~^).
The effect of gas jets is more pronounced at low values of Q
than at higher values {e.g. y for the 18 mm diameter heater, is
increased by 14% at Q = 0.0057 m^ s~^, while it is increased by 12%
at Q = 0.0075 m^ s“  ̂ and by only 10% at Q = 0.0085 m^ s“  ̂ for =
30 ms~^). This means that the effect of gas jets decreases with
veloci tY
increasing fluidising^for the fluidising velocity range examined.
The range covered Uf to U^p.
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Table 5.1
Heater and jet positions for horizontal and vertical jets 
___________________with jets below the heater__________________
Bed Height Jet Position Heater Position





Heater and jet positions for horizontal jets with jets above
the heater
Bed Height Jet Position Heater Position
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Table 5.3
Effect of horizontal gas jets on heat transfer 
(D^ = 18 mm, H = 100 mm, 1 = 60 mm, Hj = 30 mm)
(a) for Dp = 127 pm
Uf h^ W m-^ K“ ^
(ms” ^) (U = 0 )  (U = 30 ms~^) (U = 60 ms“ )̂ (U = 90 ms~^)o o o o
0.025 250 305 340 370
0.033 280 340 375 405
0.041 315 385 410 442
0.05 345 420 440 475
0.058 370 445 470 493
0.07 403 470 490 510
(b) for Dp = 247 pm
0.05 240 290 318 358
0.07 288 340 370 400
0.08 315 355 388 410
0.109 355 395 425 445
0.145 382 420 452 472
(c) for Dp = 335 pm
0.095 240 310 340 365
0.109 260 320 350 376
0.128 270 325 358 384
0.162 300 348 378 402
0. 174 313 354 384 412
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Table 5.4
Effect of horizontal. g as jets on heat transfer
(Dt = 18 ram, H = 100 m m , 1 = 30 mm, H-j = 60 mm)











(U = 60 ms~^) o
330
<“o = 90 1 
360
0.033 290 340 366 394
0.041 325 378 398 420
0.05 354 402 422 444
0.058 380 424 445 463
0.07 413 456 475 490
(b) for Dp = 247 pm
0.05 240 278 330 364
0.07 296 322 372 395
0.08 318 340 386 410
0.109 356 378 415 432
0. 145 380 395 425 454
(c) for Dp = 335 pm
0.095 255 300 330 355
0.109 271 310 338 360
0.128 285 318 341 364
0.162 314 332 354 375
0.174 325 340 360 380
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Table 5.5
Effect of vertical jets on heat transfer 
(Dt = 18 mm, H = 100 mm, 1 = 60 mm, Hj = 30 mm)
(a) for Dp = 127 pm
Uf hw W m"^ K"^
(ms“ M  (U = 0 )  (U = 30 ms"^) (U = 60 ms"^) (U = 90 m s " Mo o o o
0.025 250 310 348 372
0.033 280 360 390 410
0.041 315 400 430 446
0.05 345 438 458 476
0.058 370 460 480 496
0.07 403 485 500 515
(b) for Dp = 247 pm
0.05 240 290 350 376
0.07 288 350 380 410
0.08 315 365 400 420
0. 109 355 410 435 460
0.145 382 430 460 480
(c) for Dp = 335 pm
0.095 240 320 350 375
0.109 260 330 360 386
0.128 270 336 370 395
0.162 300 356 380 413













-2  -1 ■ U o : 90ms
Wm K 5 5 0
•




5 25 O # U q •
some
o  w i t h o u t  u s i n g  l e t s
0 0 0 5 5  0 . 0 0 6 5  0 0 0 7 5  0 . 0 0 8 5  0 - 0 0 9 5
0 . 0 0 5  0 . 0 0 6  0 - 0 0 7  0 , 0 0 6  0 0 0 9  0 - 0 1
3 “ 1
O m s
- 2  -  1 
W m  K
(5.1) Th# effect of horizontal aaa jeta on heat transfer coefficient
( D o :  1 2 7 )^ m,  D t :  9 . 4 m m ,  H:  1 0 0 )






































Q  w i t h o u t  u s i n g  j e t s
0 . 0 0  5 5  0 . 0 0 6 S  0 - 0 0 7 5  0 - 0 0 8 5  0 - 0 0 9 5
0 . 0 0 5  0 006 0 . 0 0 7  0 0C6 0-003 0 - 0 1
3  -  1
Q m s
Fig.(5.2) The effect of horizontal gas lets on heat transfer coefficient
(Dp.- 1 2 7 ^ m ,  D, : 8 . 4 m m ,  H: 5 0 m m )
(I: 6 0 m m ,  H -  3 0 m m )
- 2  -  1 










■ Uq -. @Oms
— 1
▼ Uq : 6 0 m s - 1
•  Uq ; 3 0 m #
O w i t h o u t  u s i n g  j e t s
3 3 3 5 5  0 . 3 3 6  5 0 - 0 3 7 5  0 - 0 0 6 5  3 - 0 0 9 5
0 . 0 0 :  O-OOG C - r 0 7  O 0 0 6  O 00  9 0 - C1
3 - 1  
Q m 8
Flo_(5.3) The effect of horizontal gat Jett on heat transfer coefficient
1 2  7>am, D, : 9 . 4 m m .  H: 3 0 m m )
(I: 3 0 m m .  : 1 5 m m )














■ Uo.  9 0 m s  ^
T Ug: 60ms_^
. Uo: 3 0 mt
O  w i t h o u t  u s i n g  j e t s
0 - C 0 5 5  0  OOÎS 3 . 0 0 7 S  0 - 0 3 8 :  0 - 0 0 9 5
O-OOS 0 006 0-007 O-OOe O - C O j  0  Ol
3 -  1 
Q m •
F i g T 6 .4 ) T h e  e f f e c t  of  h o r i z o n t a l  g a a  J e t t  on h e a t  t r a n s f e r  c o e f f i c i e n t
 ̂Dp 1 2 7 p m .  D, ; 1 8 m m .  H : 1 0 0 m m )
(I; 6 0 m m .  Hj .  3 0 m m )













■ Uq : 9 0 m s
- 1
▼ Uo : 60m# ^
•  U„ : 30ms
O w i t h o u t  u s i n g  j e t s
0 0 0 5 5  0 . 0 0 6 5  0 . 0 0 7 5  0 - 0 0 8 5  0 - 0 0 9 5
0 - 0 0 5  O 0 06  0 . 0 0 7  0 . 0 0 8  0 0 0 9  0 - 0 1
3 -1
Q m s
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.(6.9) The effect of horizontal oas Jets on heat transfer coefficient 
(Op: 127^m. Dj : 25.3mm. H; 30mm)
(I: 30mm, Hj: 15mm)








a Up : 90ms — 1
T iJt) : 60ms
— 1• Up : 30ms
O without using Jets
0 . 0 0 5 5  0 . 0 0 6 5  0 0 0 7 5  0 - 0 0 8 3  0 - 0 0 9 5
0 - 0 0 5  ( j - 0 06  D -C07 0 008  0 . 0 0 9  0  01
3  — 1 Q m s
(6.10) The effect nf horizontal oas Jets on heat transfer coefficient
(Dp: 127/Mm. O, ; 30mm. H: 100mm)
(I; 80mm. H;, 30mm)
-2 -1 











- 1a Up : 80ms— 1
▼ % ■ 60ms-1
e Up; 30ma
o  w i t h o u t  u s i n g  j e t s
0 0 0 5 '  0 0 0 6 5  0 0 0 7 5  0 - 0 0 8 5  0 - 0 0 9 5
0 0 0 5  :  0 0 6  0 0 0 7  0 0 0 6  0 0 0 9  0 Cl
3 -1 
O m a
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Also the effect of using gas jets has more influence with the 
shallowest beds for the 18 mm diameter heater h^ is increased
by 18% for the 30 mm height bed, while it increased by only 16% for 
the 50 mm height bed and 14% for the 100 mm height bed at = 30 ms~^)
Furthermore, the effect is more pronounced for the smallest 
heater and decreases with increasing heater size [e.g., for 100 mm 
high bed at = 60 ms~^ h^ is increased by 22% for D.j. = 9.4 mm,
20% for = 18 mm, 17% for = 25.3 mm and 16% for = 30 m m ) .
The results for the 247 pm particle diameter sand with the same 
heaters and perforated pipe positions are shown in Figures 5.13-5.24. 
For the 335 pm particle diameter sand the results are shown in 
Figures 5.25-5.36.
The results are similar to those for the 127 pm diameter sand.
In particular:
(a) the effect of gas jets on h^ decreased with an increase in 
flow rate, and
(b) the effect of gas jets on h^ increased with a decrease in 
bed depth and heater size.
The effect of jet velocity increased more with an increase in 
particle diameter for the same value of Q {e.g., for the 18 mm 
diameter heater at Q = 0.0092 m^ s“  ̂ h^ increased by 10% at =
30 ms“ ^, 16% at - 60 sm“  ̂ and 18% at = 90 ms“  ̂ for Dp = 127 pm, 
while it increased by 12% at = 30 ms“ ^, 18% at Uq = 60 ms"^ and 
22% at = 90 ms"^ for Dp = 247 pm).
h*
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Fig.(5.16) The effect of horizontal gaa jeta on heat transfer coefficient
(Dp: 24 7p m, Dt: 1 8mm. H: 100mm)
(1: 60mm. H, : 30mm)
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Fig.(5.17) The effect of horizontal gas jet# on heat transfer coefficient 
(Dp: 247pm. Dt: 18mm, H: 60mm)
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Flg.(8.18) The effect of horizontal gas jets on heat transfer coefficient 
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Fig.(6.19) Ths offset of horizontal gas jets on hsat transfer coefficient
(Dp; 247pm, Dt: 26.3mm, H: 100mm)
(I; 60mm, H,: 30mm)
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Flg.(6.21) The sffsct of horizontal gas jets on heat transfer coefficient
(Dp: 247pm, Dt: 26.3mm, H: 30mm)
(I: 30mm. Hj: 16mm)
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Flg.(6.23) The effect of horizontal gas Jets on heat transfer coefficient
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F i g .(6.24) The effect of horizontal gas jets on heat transfer coefflolent
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Flo.(6.2&l The effect of horizontal aae lets on heat tranafer coefficient 
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FIo.(S.27) The effect of horizontal gas jets on heat transfer coefficient 
(D^: 336 m, D.: 0.4mm, H: 30mm)
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Flg.(5.31) Th# effect of horizontal ga# Jet# on heat tranafer coefficient 
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FIo.(6.32) The effect of horizontal gaa Jet# on heat tranafer coefficient 
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Flg.(5.34) The effect of horizontal gas Jots on heat transfer coefficient
(D : 336 m, D': 30mm. H: 100mm)
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The enhancement in heat transfer increases with an increase in 
particle diameter {e.g., for the 25.3 mm heater at bed depth of 100 mm 
and = 60 ms“  ̂ at Q = 0.0092 m^ h^ increased by 11% for Dp =
127 |im and by 16% for Dp = 247 -Mm, while at Q = 0.015 m^ s"^, h^ 
increased by 14% for Dp = 247 pm and by 16% for Dp = 335 pm).
The results for the second set of experiments when the jets were 
positioned above the heater are shown in Figures 5.37-5.48 for the 
127 pm diameter sand. From the figures we can observe that the in­
crease in heat transfer coefficient for these positions is less than 
that for the first set of experiments {e,g.y for the 25.3 mm diameter 
heater at 100 mm bed height, = 60 ms"^ and Q = 0.0057 m^ s~^, h^ 
is increased by 17% for heaters positioned above the jets and by 14% 
for heaters positioned below the jets).
The qualitative effect of velocity and bed depth was nearly the 
same for the two jet positions (i.e., gas jets have more influence 
with an increase in and a decrease in bed height). Also the 
effect of using gas jets at different volumetric quantities of air 
was decreased with an increase in Q by nearly the same percentage as 
in the first position. The effect of using gas jets on h^ for the 
different sizes of heaters was the same for the two positions of the 
jets (i.e., the effect of using gas jets on h^ is greater with 
smaller heaters).
The results for the other particle sizes with jets above the 
heater are very similar to those when the jets are below the heater. 
The following trends are the same:
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F l g , ( 6 . 3 9 )  The a ft ect  of hor izontal  o aa  Jata on h a a t  t r a n a f a r  c o a f f l c l e n t  
(Dp: 12 7/am. D̂  : 9.4mm. H: 30mm)
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Flg.(6.4l) The effect of horizontal get Jeta on heat tranafer coefflolent
( D p :  1 2 7 ^ m .  D, : 1 8 m m ,  H : 5 0 m m )
(I: 3 0 m m .  Hj: 6 0 m m )
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Fig.(6.42) The effect of horizontal gaa Jeta on heat tranafer coefficient
(Op 12 7/ im.  D, 1 8 m m .  H: 3 0 m m )
( I :  1 5 m m ,  H^ : 3 0 m m )
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Flg.(6.43) The effect of horizontal gaa Jeta on heat tranafer coefficient 
(Dp: 127/*m. D{ : 25.3mm, H: 100mm)
(1: 30mm. H,: 80mm)
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F i g . ( 6 . 4 4 )  T h e  e f f e c t  of h o r i zo nt a l  o aa  Jet# on h e a t  t r a n a f e r  c o e f f i c i e n t
( C b .  1 2 7 / j m ,  c, : 2 5  3 m m .  H: 5 0 m m )
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Flg,(6.46) The effect of horizontal gaa jata on heat tranafer coefficient
(Dp: 127jK/Ti. D( : 30mm. H: 3 0mm)
(I; 15mm. Hj : 30mm)
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Flg.(5.40) The effect of horizontal gaa le ta on heat tranafer coefficient
(Dp: 12 7fUjT\. 0, : 30mm. H: 100mm)
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Fig.(5/47) The effect of horizontal gaa Jets on heat tranafer coefficient
(Dp: 12 7/am, D, : 30mm, H: 50mm)
(I: 30mm, Hj : 60mm)
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Flg.(6.48) The effect of horizontal gaa Jeta on heat tranafer coefficient
(Dp: 12 7/4 m. 0, : 25.3mm, H : 30mm)
(I: 1 5mm.  H^: 3 0 m m )
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Flg.(5.40) The effect of horizontal gas Jeta on heat transfer coefficient
(Dn: 247^m. D(: 8.4mm, H: 100mm)
(I: 30mm, H, : 60mm)
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F/o.(6.6 1) jho effect of horizontal ga* Jet* on heat transfer coefficient
(Dp.; 247^m, D, : 9.4mm, H: 30mm)
(I: 16mm, Hj : 30mm)
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^10.(5.52) The effect of horizontal ga * Jet* on heat transfer coefficient
CD,
H: ,00mm,
( I .  3 0 m m .  H, 8 0 m m )
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Flg.(5.63) ^he effect of horizontal gas Jets on heat transfer coefficient
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Fig.(6.54) The effect of horizontal gas Jet* on heat transfer coefficient
(Dd: 247)am, Dj: 18mm, H: 30mm)
(I: 15mm. H*: 30mm)
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^ * 0 . ( 5 . 8 8 )  T h #  e f f e c t  of  h o r i z o n t a l  g a #  Jeta on h e a t  t r a n s f e r  c o e f f i c i e n t
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n # . (5 _ 5 7 )  Th# #ff#ct of horizontal g## )#ta on haat tranafor coefficient
(Dp: 247),m. Dp 26.3mm, H: 30mm)
(I: 15mm, Hj: 30mm)
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FI0.(5.66) The effect of horizontal ga* Jet* en heat tranafer coefficient
(Dp: 24 7  m, 0 , :  30mm, H: 100mm)
(I: 30mm. Nj; eOmm)
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Flg.(5.a9) The effect of horizontal ga* Jet* on heat tranafer ooafflolant
(Op: 247  m. D-: 30mm. H; 60mm)
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Flg.(5.60) The effect of horizontal ga* Jet* on heat tranafer ooetfWent
(Dp: 247 m. D,: 30mm. H; 30mm)
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n g . ( 8 . e i )  Th# #M#ct of Kocizontal gm# jet# on h##t tran#f#r coeff ic ient  
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F ig . ( 8 . 0 2 )  The e f fec t  of horixonla l ga# Jet# on heat tranafer  coeff icient  
(Dp: 33 6  m, 0 , :  8.4mm, H: 80mm)
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F i g . ( 6 .6 3 )  T h ,  « ( («e t  of horixontal g , ,  J , t ,  on h , , t  t f , n , ( , r  c o e f f ld e m
(Dp: 336 m. D*: 8.4mm, H: 30mm)
(I: 18mm, M^: 30mm )
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F l g . ( 8 .0 4 )  T h ,  e f fec t  of horlzontel gee Je t,  on heat tranafer  eoeftieier*
(Dp: 336 m, D,: 18mm, M: 100mm)
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F ig . (S .6 6 )  The e f fec t  of horizontal gaa lata on heat tranafer coeff lc len  
(Dp: 336 m, Ot: 16mm. H: 60mm)
(I: 30mm. Hj: 60m m )
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Fig.( 6 . 6 6 )  The effect  of horizontal gaa Jeta on heat tranafer coeff ic ient  
(Dp,: 336 m, 0 ,: 16mm, H: 30mm)
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F ig . ( 6 . 8 7 )  The e f fec t  of horizontal gas Jets on heat tranafer  coeff ic ient 
(Dp: 338  m. D,: 26.3mm, H: 100mm)
(I:  30mm, H 8 0 m m )
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F ig . ( 5 . 8 8 )  The e f fec t  of horizontal gaa Jeta on heat t ranafer  coeff ic ient
(Dp: 335  m. D,: 26.3mm. H: 60mm)
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Flg.C5.68) The e f fect  of horlzontel ges lets on heet trenefer  coefficient  
(Dp: 336 m, D,: 26.3mm, H: 30mm)
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F ig .( 5 . 7 0 )  Tf>e effect of horlzontel ges Jets on heel trenefer coeff ic ient  
CDp: 336  m. 0 , :  30mm. H: 100mm)
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Fig . (5 .7  1} The effect  of horlzontel gee lets on heet trenefer coeff ic ient  
(Dp: 336 m. D,: 30mm, H; 60mm)
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Fig.(5.72) The effect of horlzontel gee lets on heat tranafer  coeff ic ien t  
(Dp: 335  m, D,: 30mm, H: 30mm)
(I; 16mm, H :̂ 30mm)
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(a) influence of gas jets on decreases with increase in Q;
(b) the influence of the gas jets on h^ decreases witli increase 
in bed depth;
(c) the influence of the gas jets on h^ increases with increase in 
particle size; and
(d) the influrnece of the gas jets on h^ increases with jet 
velocity.
The absolute values of heat transfer coefficient are about 3%
less.
5.4 Vertical jets
For the vertical jets only one position for each bed depth was 
tested. Details are shown in Table 5.1. The positioning of jets 
above the heater was not tested, because jet penetrations extended 
above the settled bed heights at the positions mentioned in Table 5.2.
Figures 5.73-5.108 show the effect of the vertical jets on heat 
transfer for the three sizes of particles, three bed heights and the 
four sizes of heater.
As observed from the figures, the effect of vertical jets on heat 
transfer is more significant than the effect of horizontal jets [e.g., 
for heater size 25.3 mm diameter at 100 mm bed height and with jet 
velocity of 30 ms” ^, ĥ , is increased by 9% for horizontal jets, while 
it is increased by 13% for vertical jets for Q = 0.0057 m^ s”  ̂ at the 
same jet positions).
As with horizontal jets, the percentage improvement decreased with 
an increase in the value of Q [e.g., for D.̂- = 30 mm, a 50 mm bed
-2 - 1 W m  K
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Flo.(5.73) The effect of vertical o«» J«f* on heat tranafer coefficient 
(Do: 127)am. Dt: 9.4mm. H: 100)
(I: 80mm, h,: 30mm)
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F i g . ( 5 . 7 4 )  The e f f e c t  of v e r t i c a l  gaa je ta  on h e a t  t r a n a f e r  c o e f f i c i e n t
( O p :  1 2 7 ^ m .  Oj : 9 . 4 m m .  H: 5 0 m m )
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Fig.(5.75} The effect of vertical gat Jeta on heat tranafer coefficient 
(Dp : 127/j.m. : 9.4mm, H: 3 0 m m )
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Fig.(5.76) The effect of vertical gaa Jets on heat transfer coefficient 
(Dp; 127pm. [\ : 18mm. H: 100mm)
(1: 6 0 m m .  Hj :  3 0 m m )
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Fig.(5.77) The effect of vertical gaa Jeta on heat tranafer coefficient 
(2p; 127^m, Dj : 18mm, H: 50mm)
(I: 60mm, H-: 30mm)
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Fig.(5.78) The effect of vertical gaa Jets on heat transfer coefficient 
(Op: 127/im, Z\ : 18mm. H: 30mm)
(I: 30mm, Hj: 16mm)
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Fig.(5.79) The effect of vertical gas Jeta on heat tranafer coefficient
( C b :  1 2 7 / - m .  0 , :  25.3mm. H :  l o o m m )
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Fig.(5.80) The effect of vertical gaa jets on heat tranafer coefficient
(Dp: 127/um, : 25.3mm, H: 50mm)
(I: 6 0 m m ,  H,: 3 0 m m )
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Flg.(5.81) The effect of vertical ga# jet# on heat tranafer coefficient 
(Dp: 127^m, D, : 25.3mm, H: 30mm)
(I: 30mm, Hj: 16mm)
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F ig . ( 5 . 8 2 )  T h e  e f fe c t  of v e r t ic a l  ga# Jets on heat t ra n a fe r  c o e f f ic ie n t
(Dp: 1 2 7 ^ ,  D, : 3 0 m m .  H: 1 0 0 m m )
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Fig.(5.63) The effect of vertical ga# Jet# on heat tranafer coefficient 
(Dp: 127^m, D, : 30mm. H: 50mm)
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Fig.(5.64) The effect of vertical gaa jets on heat tranafer coefficient 
(Dp: 1 2 7 ^ .  D, : 30mm. H: 3 0 m m )
( I :  3 0 m m .  Hj :  1 6 m m )
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Fig.(5.85) The effect of vertical gas jets on heat transfer coefficient 
(Dp: 247Vm, Dt; 0.4mm, H: 100mm)
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F ig . ( 5 .8 6 )  T h e  e f f e c t  of v e r t ic a l  ga# Jets on h e a t  t r a n a f e r  c o e f f ic ie n t
(Dor 247pm, Dt: 8.4mm, H: 60m m )
(I: 60mm, Hj: 30mm )
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Fig.(5.87) '«■h- effect of vertical gaa )eta on heat tranafer coefficient 
(Dp: 247^m, Dt: 0.4mm, H: 30mm)
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F t g . ( 5 . 8 8 )  T h e  e f f e c t  of v e r t ic a l  gaa Jeta on h e a t  t r a n a f e r  e o e f f l c le n t
(Dp: 247)1 m, Dt: 18mm , H: 1 0 0 m m )
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Fig.(5.89) The effect of vertical gas Jet* on heat transfer coeffic 
(Dp: 247)im, Dt: 18mm, H: 60mm)
(I: 60mm, Hj: 30mm)
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Fig.(5.90) The effect of vertical gas Jeta on heat tranafer coefftci**#
(Dp: 247km. Dt: 18mm, H: 30mm)
( I :  6 0 m m ,  H j:  3 0 m m )
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F i - g . ( 5 . 9 l )  The e f f e c t  of v e r t i c a l  g as  j e t#  on h e a t  t r a n s f e r  c o e f f i c i e n t  
(Dp: 247Hm, Dt: 26.3mm. H: 100mm)
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height with = 50 ms h^ increased by 15% for Q = 0.0092 s“ ^
and by only 10% for Q = 0.017 s“ ^. The particle size is 127 Jim).
The effect of using vertical jets increased with a decrease in 
bed depth {e.g.  ̂ for = 18 mm, a particle size of 335 pm, Q =
0.018 m^ s~^ and = 90 ms” ^, h^ increased by 24% for H = 100 mm
and by 28% for H = 30 m m ) .
With an increase in heater diameter the effect of using vertical
gas jets becomes less significant {e.g., for Dp = 247 pm at 50 mm bed
height, h^ is increqsed by 2 3% for = 9.4 mm, by 21% for = 18 mm, 
by 20% for = 25.3 mm and by 19% for = 30 mm when Q = 0.015 m^ s~^ 
and U q = 60 ms~^).
For the same heater size (D^ = 18 mm) at the same value of Q
(0.015 m^ s~^) at the same bed depth (30 mm) the enhancement of heat
transfer increases with an increase in particle size {e.g., h^ in­
creased by 18% for Dp = 247 pm and by 21% for Dp = 335 pm when =
30 ms-i).
Lastly, the increases in h^ are greater for large values of jet 
velocity {e.g., for D.j. = 18 mm. Dp = 247 pm and H = 100 mm, h^ in­
creased by 16% for = 30 ms“ ^, 22% for = 60 ms”  ̂ and by 26% for
Uq  = 90 ms~^ at Q = 0.0092 m^ s“  ̂ (see Figure 5.88)].
5.5 Discussion
5.5.1 Introduction
In general, gas injection in fluidised beds increases solid mixing, 
due to the high rate of momentum between the jets and the particulate 
phase, thus enhancing heat transfer between the heated surface and the 
bed.
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Lateral mixing which is a problem in shallow beds is solved by 
using horizontal jets which improved lateral mixing in the bed and 
hence increased heat transfer.
Explanations for the effect of horizontal and vertical gas jets on 
heat transfer for the different parameters tested (one parameter was 
varied, while the other parameters were kept constant for each run) are 
discussed in this section. The results are shown in Figures 5.1-5.108,
5.5.2 Effect of volumetric flow Q
As previously mentioned, the influence of gas jets decreased with 
an increase in volumetric flow rate through the distributor (increase 
in fluidising velicity U^) for the same jet velocity. This was ob­
served for both vertical and horizontal jets.
At low flow rates through the distributor, the fluidising air 
alone is not sufficient to induce high particle circulation, especially 
at lower elevations where the bubbles are very small. Introducing 
the air jets in the bed assisted in circulating the particles owing to 
the entrainment of the particles in the jet region. Hence the bed 
became more well mixed and the presence of the jets was important at 
these low fluidising velocities.
At higher volumetric flows through the distributor, the bed was 
already well mixed and the increase in particle circulation due to 
the use of the gas jets did not have as much effect when canpared 
with the conditions at low fluidising velocities.
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5.5.3 Variation with bed depth
As shown from the figures for the same heater size, particle 
diameter and jet velocity, the influence of using gas jets in the 
bed on heat transfer is more significant with the shallower beds.
When no jets were used in the lower part of the shallower beds, 
there is less particle mobility than in deep beds, because the bubble 
coalescence in the upper zone in deeper beds improved particle mobility 
in the lower zone. When the gas was injected in the bed, the jets 
improved particle mobility in the lower part of the bed, which im­
proved heat transfer. This is more significant in shallower beds 
which start with less particle mobility in the lower zone.
5.5.4 Variation with particle size
Donadono and Massimilla (1978) who studied the mechanism of 
momentum and heat transfer between gas jets and fluidised beds, reported 
that an increase in particle size produces an increase in solid con­
centration in the jet and increased solids mass entrainment per unit 
mass of injected gas. An increase in particle size also causes an 
increase in jet penetration given that nozzle diameter remains constant.
This explains why in the presence of jets, larger particles had a 
greater influence on the heat transfer coefficient than smaller ones. 
This was observed for all sizes of heater and at the three different 
bed depths and for both horizontal and vertical jets.
5.5.5 Variation with heater size
In Chapter 3 it was recorded that the effect of altering heater 
diameter in an ordinary fluid-bed is significant for the two smaller 
heaters, but that the performance of the two larger heaters was very
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"similar". With jets, the same pattern has been found. The enhance­
ment decreases with increasing heater diameter and for the two larger 
heaters the effect of gas jets on heat transfer is nearly the same.
It can therefore be concluded that increases in heater size limit the 
effect of gas jets in the bed.
5.5.6 Variation with jet velocity
The increase in jet velocity enhanced particle circulation and 
hence solid gas mixing, which in turn increases the number of particles 
per second in contact with the surface and hence increased heat trans­
fer. Also, an increase in jet velocity gave an increase in jet pene­
tration depth, which enhanced the effect of gas jets in the bed. The 
effect of jet velocity on the heat transfer coefficient is more pro­
nounced with the jets positioned below the heater than with the jets 
located above the heater. This occurs because jets below the heater 
are in the part of the bed which normally has low particle circulation 
and so the jets increased the particle circulation in that part of the 
bed. The effect of jet velocity is also more pronounced with vertical 
jets than with horizontal jets.
5.5.7 Variation with jet position and direction
At low elevations in the lower part of the bed, the bubbles are 
small in size and the particle motion is relatively slow, when compared 
with the other parts of the bed, as mentioned earlier, in Chapter 3, 
when explaining the effect of heater location on heat transfer. When 
the jets were positioned in this part of the bed, they assisted in 
particle circulation and so the particles started to move to the upper 
parts of the bed where the heater was located. The bed became more
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mixed and this enhanced heat transfer between the heater and the bed. 
When the jets were positioned above the heater in the upper part of 
the bed and the heater was positioned in the lower part, the particle 
motion in the upper part of the bed was already high and so the gas 
jets increased this motion in that area, while their effect in the 
lower part of the bed where the heater was located was not as high.
Thus their effect on heat transfer was not as high as with the previous 
location.
The vertical jets were only positioned below the heater, because 
when they were positioned in the upper part of the bed, penetration 
extended above the settled bed height, as explained at the beginning 
of this chapter.
The results for the effect of vertical jets on heat transfer 
showed that the vertical jets have more influence on heat transfer 
than horizontal jets.
With vertical jets located below the heater in the lower part of 
the bed, the jets assisted the function of the distributor, especially 
at this lower part of the bed, where the particle motion was low due 
to the absence of large bubbles. The particles, after entrainment 
into the jet region, were accelerated to the upper part of the bed 
directly towards the heater. Since the particle speed and circulation 
were high, the contact time of the particles with the heater was short, 
which gave high values of heat transfer coefficient.
In addition, the penetration of the vertical jets is higher than 
the penetration of horizontal jets, which in turn had more influence on 




- when gas jets were introduced into the bed, solid circulation 
improved, especially in the region below the heater and the 
heat transfer coefficient increased.
- the effect of using gas jets decreases with an increase 
in volumetric flow through the distributor.
- with an increase in settled bed depth, the influence of 
gas jets decreased.
- the influence of gas jets increases with an increase in 
particle size.
- the performance of the larger heaters was less affected 
by the use of gas jets than the smaller ones.
- for horizontal gas jets, higher heat transfer coefficients 
were obtained when the position of the jets was below the 
heater.
- increasing jet velocity gives an increase in heat transfer 
coefficient.
- vertical jets had more influence on heat transfer than hori­
zontal jets at the same operating conditions.
CHAPTER 6
F U R T H E R  D I S C U S S I O N  OF R ES U L T S ,  T H E O R E T I C A L
C O N S I D E R A T I O N  A N D  C O M P A R I S O N  W IT H  H E A T
T R A N S F E R  M O D E L S
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CHAPTER 6
Further Discussion of Results, Theoretical Considerations 
and Comparison with Heat Transfer Models
This chapter includes:
(a) a comparison of present experimental data with earlier 
correlations ;
(b) a new correlation based on the present data is proposed 
and then compared with other experimental values of 
heat transfer coefficient; and
(c) finally the theoretical implications of some earlier 
models were compared with the present data.
6 . 1 Comparison of Present Experimental Values of Heat Transfer 
Coefficient with Existing Correlations
The comparison of the present experimental data with two existing 
correlations is shown in Figures 6.1 and 6.2. A wide range of experi­
mental conditions was covered and details are given in Tables 6.1 and
6.2 for D.̂  = 18 mm and D^ = 25.3 mm.
The correlation of Petrie et at. (1968) gives good predictions 
for coarse sand (Dp = 335 pm), especially for H = 100 mm. There is a 
small discrepancy with medium sand, but for the smallest sand the 
predicted heat transfer coefficients are significantly higher than the 
experimental values. These general comments are valid for both sizes 
of heater tested (D^ = 18 mm and D^ = 25.3 m m ) .
Vreedenberg's (1958) correlation, as modified by Andeen and 
Glicksman (1976) gives reasonable predictions for the two larger sizes
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Table 6.2
Key to Figure 6.2
Symbol (ram) Dp (urn) H (mm)
A 18 127 100
□ 18 127 50
O 18 127 30
V 18 247 100
o 18 247 50
€ 18 247 30
A 18 335 100
e 18 335 50
e 18 335 30
▲ 25.3 127 100
■ 25.3 127 50
• 25.3 127 30
▼ 24.3 247 100
♦ 25.3 247 50
♦ 25.3 247 30
4> 25.3 335 100
k 25.3 335 50
2C 25.3 335 30
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of particles, especially for H = 30 mm. However, for the smaller 
size of sand (Dp = 127 iim) the prediction is better for H = 100 mm.
6 .2 A Proposed Correlation
Based on the above investigations and the observations made in 
the introduction [concerning the dependence of h^ on various parameters 
for previous investigations (Table 3.1)], a correlation of the follow­
ing form is being proposed:
GDtPs d ^
«“wr = ' 3 ? ^ '  '253' <I50>
where and H are measured in mm.
GD^Pg M-q
The factors (------) and ( v - , ) are taken from Andeen andPg Dp pg g
Glicksman (1976) correlation and account for both flow rate and
Dtparticle size. The factor (-̂ ■̂— -̂) takes into account heater diameter, 
because the experimental values of heat transfer coefficient do not
change with heater size for heater diameter greater than 25.3 mm.
The factor (y^) accounts for the effect of bed depth, since experi­
mental values of heat transfer coefficient were not influenced by bed 
depths greater than 150 mm. The vlaues of the constants c, d, e, f 
and i are obtained by regression analysis of the present data. The 
final form of the correlation is:
where H is set at 150 mm and D^ at 25.3 mm for bed heights and heater 
diameters in excess of those values.
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As shown in Figure 6.3, the predicted values of heat transfer 
coefficient are within ±25% of the present experimental results for 
all particles and all sizes of heater tested (except the 30 mm 
diameter heater, since - as explained above - there is no influence 
of heater size on heat transfer coefficient for heaters greater than
25.3 m m ) .
The experimental data of some previous investigators [Al-Ali 
(1977), Atkinson (1975) and Yuditskii and Zabrodsky (1968)] are com­
pared with predicted values from the present correlation.
However, the predicted values of heat transfer coefficient at 
the conditions used by some investigators are consistently larger 
than their experimental values. This discrepancy might be explained 
in part by examining the method employed for the determination of h^.
Al-Ali (1977) calculated the bed-surface heat transfer coefficient 
from the experimentally determined overall heat transfer coefficient 
(bed-water). He used the following equations:
'  ̂ (6.3)hqv ^BM
hlnPt . (ESîtiïl)B2 (6.4)
k^ ^  %w
i.e., hĵ ĵ  = const. ® (6.5)
The use of V S  plot involved extrapolation and this may
‘w
have led to an underestimation of hg#.
Some other differences between the present experimental approach 
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Key to Figure 6 .3
Symbol (mm) Dp’ (pm) H (mm)
A 9.4 127 100
□ . 9.4 127 50
O 9.4 127 30
0 9.4 247 100
K 9.4 247 50
L 9.4 247 30
+ 9.4 335 100
V 9.4 335 50
d 9.4 335 30
▲ 18 127 100
■ 18 127 50
• 18 127 30
<t> 18 247 100
• 18 247 50
* 18 247 30
e 18 335 100
• 18 335 50
o 18 335 30
V 25.3 127 100
O 25.3 127 50
d 25.3 127 30
T 25.3 247 100
♦ 25.3 247 50
e 25.3 247 30
X 25.3 335 100
♦ 25.3 335 50
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6 .3 Comparison with Heat Transfer Models
This section deals with some theoretical analysis of the experi­
mental results and compares the results with some models based on 
packets of particles or both packets and a gas film.
In a bubbling or slugging fluidised bed, heat is transferred 
from (to) an immersed surface by packets of particles, by gas per­
colating between the particles of the packet and the surface and by 
gas bubbles or slugs. The three heat fluxes occur in parallel. If 
the bed is operating at high temperatures, the radiative component has 
to be included as well. Gel'perin and Einstein (1971) proposed the 
most general equation for the effective heat transfer coefficient.
= (l-fo)hpc + ( l - y h g c  + fo^b ^ ‘’r <G-6 )
Equation (6 .6 ) consists of four additive components for the 
total heat transfer coefficient, but for our condition the equation 
could be simplified, as the radiant component h^ can be neglected,
since temperatures were far less than 600® C when radiation becomes
important. The bubble and gas component can also be neglected for 
small particle size (< 0.4 mm) and for shallow beds (< 500 mm high). 
Thus the equation becomes:
h = (1-f )hn (6.7)
W O r e
6.3.1 Comparison with Mickley and Fairbanks' (1955) Model
As mentioned before in Chapter 1, Mickley and Fairbanks (1955) 
were the first to propose that the principal resistance to heat 
transfer exists in the unsteady state diffusion of heat into "packets".
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each of which has a limited residence time on the transfer surface.
This model has been used to examine the experimental heat 
transfer coefficient between the surface and the bed assuming:
- the packet absorbs heat from the element and then 
returns to the bulk of the bed;
- thermal properties of gas and solid were constant 
over the bed;
- heat transfer to bubble phase at the element surface 
is negligible; and
- no heat is transferred to the packet by radiation.
They proposed the following equation for the instantaenous heat 
transfer coefficient:
'i ' T H  Tm'* ‘6.9)
They assumed that the residence time of a packet on the transfer 
surface is given by:
L (6 .10)
where L is the element length.





' ^ “ f - V  ^
and the effective density of the emulsion packet may be taken as:
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p = p U  - E ) (6.13)e s mf
The corresponding effective thermal conductivity can be estimated 
from the relationships developed for thermal conductivity in packed 
beds [Yagi and Kunii (1957)]:
k = k ° + 0.1 p Cp Dp U ^ (6.14)e e g ^g ^ mf
where k is calculated from Swift's (1966) equation: e
k ° = 0.9065 e
^s ^s
■]Ln :  1 + 0.0935 k„ (6.15)k s -k g  kg I g
The calculations for p , k , x and h predicted frcxn this modele e w
are shown in Appendix V.
Figures 6 . 5 (a)-(c) show the comparison between the present experi­
mental values of heat transfer coefficient and the predicted values 
from Mickley and Fairbanks' (1955) model.
Frc*n Figures 6.5 (a)-(c) , we can observe that for the size of the 
heater tested (D^ = 18 mm and 30 mm) there is, as expected, no agree­
ment between the predicted values of heat transfer coefficient from 
Mickley and Fairbanks' (1955) model and the present expermental values 
The predicted values are high, especially for short contact times.
This illustrates the reasoning behind the suggestion of Gel'perin 
and Einstein (1971) for adding another resistance (the contact resist­
ance R^) for short times. This was also adopted later by Baskakov 
et al, (1973) and Xavier (1977) . Their modification is explained 
in the following section.
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6.3.2 Comparison with Modified Mickley and Fairbanks' (1955) Model
The surface to packet heat transfer is viewed in terms of two 
resistances in series:
(a) the contact resistance presented chiefly by the gas in
the increased voidage close to the transfer surface R^; and
(b) the resistance within the emulsion packet phase (con­
sisting of gas and solid) Rg.
The problem of two thermal resistances in series had been solved 
for a variety of boundary conditions by Gel'perin et at. (1969, 1971) , 
Baskakov (1973) and Xavier (1977). The following expression for heat 
transfer between the surface and the fluidised bed was proposed first 
by Gel'perin and Einstein (1971) and has been recommended by others:
\  " 0.5R +R (6.16)e c
For shallow beds the surface is not shrouded by gas bubbles for 
long times, compared with the fraction of the total time when the
particles are in contact with the surface and so the fraction f^ can
be neglected and equation (6.16) beccxnes:
\  = o T s h r  ^-17)e c
or
7 ^  = 0.5R + R (6.18)h e cw
The effective value of the emulsion packet resistance R^ is 
derived from uniform surface renewal theory suggested before by 
Yoshida et at. (1969):
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e e S
The constact resistance was first introduced to modify the 
original packet theory proposed by Mickley and Fairbanks (1955) in 
order to account for the fact that for very short emulsion packet 
residence times, the theory predicted extremely high values of heat 
transfer coefficient, while experimental data show a definite limit.
For fine parficles (Dp < 1 mm) a gas gap adjacent to the surface 
(whose thickness is arbitrarily set at some fraction of the particle 
diameter) having a certain effective thermal conducitivity was con­
sidered [Baskakov et at. (1964, 1973) and Gabor (1970)].
However, the contact resistance can be treated more realistically 
by considering that when particles are touching the surface, conduc­
tion from the surface takes place in part through the intervening gas 
layer, which has an average thickness 6. Gel'perin and Einstein 
(1971) and Baskakov et at. (1973) consider the contact resistance as:
R = (6.20)c ke
where 6 is represented by some fraction of the particle diameter.
Later Xavier (1977) suggested another expression for the contact 
resistance R^, which is due to a gas film of thickness 8 and conduct­
ivity kg that is:
%  = i f  (6.21)
-  2 Î 2  -
The literature suggested that the gas film thickness lies in
the range to B E ̂ The value will be taken as 6 = ^  as suggestedD 1U D
by Kubie (1974) and recommended by Pillai (1977).
Three cases of the modified Mickley and Fairbanks' (1955) model 
were investigated to find the most suitable expression to fit the 
present data, as explained below:
Case I :
Gel'perin and Einshtein (1971) expression which was recommended 
later by Baskakov et at. (1964, 1973). Baskakov et at. (1973) 
proposed some expressions for the contact time t, f^ and the contact 
resistance based on their experimental results:
R Dp/2k^ (6.22)
Ti = 0.44  ̂Dp.g
Dt
Dmf
Their values of A ' were as follows:
(6.23)
A' = 0 . 8  for = 30 mm. A' = 0.9 for = 15 mm.
For the two sizes of heater examined the values of A' were taken
as 0.9 for = 18 mm and 0.8 for = 30 mm.






As for Case I, except that the expression for t is that given 
by equation (6.12).
Equation (6.17) , according to Case II, becomes the same as 
equation (6.24) in Case I, except that the expression used in calcul­
ating the contact time is different.
Case III:
In this case, the values of R and x are calculated from the ex-c
pressions suggested by Xavier (1977), i.e., equation (6.21) for R^ 
and equation (6.12) for x. Equation (6.17) thus beccanes:
h = ------     (6.25)
“ o . s / ^ . ^ p / e
A; p CpePeCPs kg
The comparison of the present experimental values of heat transfer 
coefficient with the predicted values frcxn expressions suggested in 
the above is shown in Figures 6.6(a)-(f) for the two sizes of heaters 
examined (D^ = 18 mm and 30 mm) and for the three sizes of particles. 
The calculations are shown in Appendix V.
As observed from the Figures, there is immoderate agreement 
between the experimental values of heat transfer coefficient and the 
predicted values from the expression in Case I. Predicted values 
from the expression in Case II, compared more favourably with the 
experimental values. The predicted values from the expression in 
Case III show the best agreement with the experimental values, es­
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The expression suggested by Baskakov et al. (197 3) shows an 
over prediction for the present data. Their expression for the con­
tact time gave very short contact times, which in turn, gave high 
predicted values of heat transfer coefficient. Als o , from their 
expression, the contact times for the larger heater were found to be 
smaller than those for the smaller heater, which gave higher values 
of heat transfer coefficient for the larger heater and this contra­
dicts the present results.
Even in Case II, when another expression for the contact time t  
is used for the calculations, the predicted values for heat transfer 
coefficient show an over prediction when compared with the experimental 
values, but the values are more reasonable than in Case I.
Xavier (1977) expressions for and t  as in Case III, gave the 
most reasonable agreement among the three expressions. To consider 
the contact resistance to be a resistance of a gas film of conductivity 
kg is thought to be more reasonable than the one which induces the 
emulsion conductivity kg. The expression for the contact time is also 
more reasonable than Baskakov et a l ’s (1973) expression.
The predicted values frcxn the Case III model deviate from experi­
mental values by -7% on average, the difference reaches up to -25% at 
velocities just above the minimum fluidising velocity, but at higher 
velocities the model in Case III predicts the experimental data very 
satisfactorily (see Figure 6.7).
The model in Case III is successful in predicitng the present 
experimental values of heat transfer coefficient for a variety of 
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as results reported by other investigators who worked at similar 
conditions (H < 150 mm, 100 irm < Dp < 400 pm and < 30 mm) (see 
Figure 6.8). The calculations are shown in Appendix V. Data 
obtained by Yuditskii and Zabrodsky (1968) for particles of 700 
and 1610 pm are poorly predicted; the experimental values being 
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Table 6.4
Key to Figure 6.4
Reference Symbol Dp H
(mm) (Mm) (mm)
Al-Ali (1977) # 15 134 50
Al-Ali (1977) O 15 253 50
Atkinson (1975) ▲ 15.8 138 50
Atkinson (1975) A 15.8 138 25
Yuditskii and Zabrodsky (1968) ■ 19 710 50
Yuditskii and Zabrodsky (1968) □ 19 1610 50
Table 6.5
Key to Figure 6.7
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CHAPTER 7
GENERAL CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK
7.1 Conclusions
The purpose of this dissertation has been to investigate some
aspects of heat transfer in shallow gas fluidised beds. Based on
the experimental study of heat transfer from a single heater to 
shallow fluidised beds, the following conclusions were drawn:
- h^ increases with an increase in fluidising velocity U^.
The effect of fluidising velocity becomes more important 
with an increase in bed depth. The shape of H-U curves 
for the shallow beds was different from shapes obtained 
in deep beds; after h^ reached the maximum the shape 
remains constant with increasing U^.
- h^ increased with a decrease in particle size.
- h^ increased with an increase in bed depth. The 
influence of bed depth on h^ diminished as bed depth 
increased, till it became insignificant for bed 
depths higher than 150 mm. The influence of bed 
depth on h^ is more important with the smaller size 
of particles.
- h^ increases with a decrease in heater diameter D^.
The influence of D^ on h^ was very minor when the 
heater size was over 25 mm.
- heater location had a marked effect on h for thew
smallest size of particle, but not for the other two 
sizes of particles. When the relative heater position
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was taken for the three bed depths chosen, it was found 
that the highest values of h^ax occurred at the same 
relative heater position. The effect of heater position 
has more influence on h^ at low flow rates than at high 
flow rates. The influence of heater position is less with 
an increase in heater size.
- heater material has no influence on heat transfer.
- heat flux has very little influence on h^.
In studying the effect of horizontal rod spacing on h^ the 
following conclusions were found:
- h^ increased with an increase in horizontal rod spacing.
- the effect of horizontal rod spacing is more significant 
at high flow rates and it increases slightly with an 
increase in particle size and with a decrease in bed 
depth.
- when the present experimental results for the effect 
of horizontal rod spacing on h^ is compared with the 
existing correlations in the literature, it was found 
that:
Gel'perin et al. 's (1968) correlation predicted the 
present data for the three sizes of particles if, and 
only if, the bed height was 100 mm.
The correlation of Grewal (1981) was similarly deficient 
at bed heights other than 100 mm.
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A proposed equation for the effect of horizontal rod spacing 
on h^ was presented, which takes into account the effect of bed 
height.
In studying the effect of horizontal and vertical gas jets on 
heat transfer, the following conclusions were drawn:
- in general, the use of gas jets has a marked effect in 
increasing the value of h^.
- the effect of gas jets on h^ decreases with an increase 
in volumetric flow rate through the distributor. It 
also decreases with an increase in settled bed height and/ 
or a decrease in particle size. The use of gas jets has 
less influence with larger heaters than with smaller ones.
- for horizontal jets the positioning of the jets in the 
lower part of the bed with the heater above, enhances 
heat transfer more than the reverse arrangement.
- increases in the jets' velocity enhances heat transfer.
- vertical jets have more influence on h,, than horizontalw
jets under the same conditions.
The use of gas jets seems to be promising. With gas jets one can 
use fluidised beds just above minimum fluidisation and thus avoid some 
of the power costs associated with the need to distribute air through 
the distributor. Furthermore, solid laden gases can more easily be 
introduced through the jets.
When the present results were compared with same of the previous 
models, the following was found:
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- the present results fit Mickley and Fairbanks' (1955) model 
of packet theory for larger contact times. As expected, 
the theoretical values of h^ are higher than experimental 
ones for short contact times.
- Gel'perin and Einstein (1971) model with the contact resist­
ance and the emulsion resistance R g , also shows immoderate 
agreement with the present data when the contact time t and 
the contact resistance R^ are calculated from Baskakov (1973) 
expressions. It shows more reasonable agreement when the 
contact time was calculated from Xavier's (1977) model. It 
shows a very good agreement when both the contact time t and 
the contact resistance R^ were calculated from Xavier's (1977) 
expressions.
7.2 Suggestions for further work
(a) Since many practical situations use heat transfer bundles and 
not single heat transfer tubes, there is a need to study the 
interaction effects involved when more than one rod is heated. 
In particular, the effect of using more than one row of rods.
(b) There exists a need for detailed hydrodynamic information 
(voidage, bubble fraction, emulsion residence time) for the 
regions of the fluidised bed near the heater. This informa­
tion is required to allow validation of some of the current 
analytical models [Gel'perin and Einstein (1971), Baskakov
et al. (1973) ] .
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(c) The present investigation needs to be extended to cover 
a wider range of particle size and higher temperatures.
More data should be obtained to develop general correla­
tion functions for the fluidisation parameters.
(d) More work on gas jets is needed to extend solids renewal 
to the entire surface of the heater, especially with 
varying jets position and increasing jets velocity.
(e) Although it has been widely accepted from previous investigations 
that transient conduction to packets of the emulsion phase is
the principal mechanism of fluidised bed-to-surface heat transfer. 
In order to predict the rate of heat transfer by "packet theory" 
one must know the behaviour of the dense and bubble phases in the 
vicinity of the heat transfer surface (for shallow beds the dense 
phase is the important one). The parameters which must be 
known are the residence time of the emulsion packet on the 
heat transfer surface and the contact resistance which is im­
portant for short residence time. Authors, who presented 
different forms of the 'packet theory', used either simplified 
systems in which the bed behaviour is closely controlled or 
measured experimentally the different parameters under the 
prevailing experimental conditions. It therefore appears 
that while the theories are important in establishing the 
roles played by the different variables, i.e., properties of 
particles and fluids, these are of limited value so far as 
prediction in diverse practical situations is concerned.
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Further study on the parameters mentioned above should be 
an important area for future research.
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P R O P E R T I E S  O F  B E D  M A T E R I A L
1 -
APPENDIX I
PROPERTIES OF BED MATERIAL
A 1 .1 Physical properties of solid and gas
The physical properties of the fluidising gas (air) and that of 
solid material (silica sand) are shown below for a temperature of 20° C,
density p viscosity p thermal specific heat Cp
conductivity k
(Kg m"^) (Kg m~^ s " M  (W m"^ KT^) (WS Kg-l K-l)
gas 1.226 18.325 x lO'
solid 2660-2700





The only tupe of particle material used in this work was silica
sand,
Individual sieve analyses were obtained for each size range and 
the mean size of the particle was calculated from:
X. ,
D p  =
This gives the volume surface mean or sauter mean diameter, 
sieve analysis for each size is shown below
The
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The densities of the three sizes of silica sand used were deter­
mined experimentally using a standard specific gravity bottle and 
methanol,which does not react with silica. The densities are shown 
in Table A 1 .4
A1.4 Particle minimum fluidising velocity and minimum voidage
The minimum voidage was found experimentally by weighing various 
quantities of sand for specific settled bed heights and then constructing 
a plot of W against H to find N from the relation:
-  I l l  -
w = H.N
where :
W = the weight of the particles in the bed;
H = the bed height; and
N = ( 1 - E  ) ( p  - p  ) Amf s 9
The slope of this plot is N from which can be calculated,
since all the other terms are known. The values of e  ^ for themf
three sizes of particles are shown in Table A1.4.
The minimum fluidising velocity for each size range can be 
calculated theoretically from the Ergun equation [which can be 
found in Davidson and Harrison (1975)].
+
^ f  Em^ Dp^ £mf^ Dp
The values are shown in Table A1.4, together with the experimental 
ones where available. Details of the expérimenta- determination of 
are given in Chapter 2.
Table A1.4 Properties of material
Particle size p e  ̂ U  ̂ from Ergun eg. U _ (exp.)s mf mf ^ mf
(pm) (Kg m“ )̂ (ms“ )̂ (ms“ )̂
127 2700 0.49 0.025
247 2680 0.46 0.06 0.05
335 2660 0.44 0.1 0.095
APPENDIX II
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APPENDIX II
DESIGN OF THE PERFORATED PIPES USED FOR THE INTRODUCTION
OF AIR JETS
The division of a fluid stream into ports by means of a manifold 
is accompanied by fluid pressure changes owing to wall friction and to 
the changing fluid momentum. Friction tends to make the pressure fall 
while the sudden changes in direction experienced by successive por­
tions of the stream makes the pressure rise in a blowing manifold.
As a result, it is not possible to keep the fluid pressure perfectly 
constant inside the main channel and there is a consequent variation 
in the rate of flow through identical ports. The wall shear stress 
may be nearly the same in non porous sections of a manifold as in a 
long straight pipe and consequently can be regarded as predictable 
from existing data in pipe friction.
For ideal or uniform distribution of air through the openings of 
the pipe, the necessary conditions must be developed to ensure that 
there must be a proper balance between:
(i) kinetic energy and momentum force of the inlet stream;
(ii) friction loss along the length of the pipe; and
(iii)pressure drop across the outlet holes, [Senecal (1957) and Perry 
and Chilton (197 3)].
pV^Kinetic energy at the inlet stream = ^
Litn DFriction losses along the length of the pipe = 4f—  . ^ —Dm 2g
-  V  -
If we assume the number of velocity head losses = 1 {i.e.,
4 f ^ =  1) then this is ideal distribution, because the kinetic energy 
An
of the inlet stream is balanced by the friction losses.
The discharge holes are evenly spaced along the length of the 
manifold and each hole has the same diameter D^. There are two 
dimensionless variables or ratios which define such a manifold:
(a) the ratio of length to diameter of manifold L^/D^; and
(b) the area ratio
sum of areas of all discharge openings _ nDo 
cross-sectional area of manifold Dm
Keller (1949) found that the most favourable length ratio to 
give uniform discharge through holes is 10 < I^/Dg^ < 80 and the best 
is ^Djjj = 70 and for an optimum design we can assume the orifice co­
efficient to be in the range 0.6 - 0.63. This orifice coefficient 
is a function o f :
- hole size relative to the pipe diameter.
- flow rate through the hole.
- flow rate in the pipe across the hol e .
Since the component of the hole outlet velocity normal to the pipe 
wall is larger than the velocity along the pipe, the effect of pipe 
wall on the orifice coefficient is small.
According to the rule of thumb for designing a manifold, each of 
the following ratios should be equal to, or less than, one-tenth 
[Senecal (1957) and Perry and Chilton (1973)]:
- the ratio of kinetic energy of the inlet stream to the 
pressure drop across the outlet hole.
-  V I  -
- friction loss in the pipe to pressure drop across the 
outlet hole.
In this case, since 4ff® = 1:
Dm
kinetic energy of inlet stream = friction loss along the
l ^ g t h  of the pipe
This for circular pipes, but as reported in a paper by Keller (1949),
the friction loss in the circular pipes is only one-sixth of the loss
as separately calculated in the pipe with holes on both sides, so
Z
pvfriction loss along the length of the perforated pipe = 6 ^
and the pressure loss across the outlet could be obtained from the
simple orifice equation
Il
p 2g p 2g
according to the rule of thumb:
K.E. friction loss 1
AP, - Ap^ , 10hole hole
1 _ 2g
therefore 60 = (^)^ - 1 ^  = /61 21 8
-  v i l  -
Therefore the reatio of discharge velocity to inlet velocity = 8 
from mass balance:
mass of air in manifold = mass out through holes
Oin * P = Qout P
°in ■ ^out
therefore A V = nAoVm
If the number of holes chosen is 6
AjqV - GAq Vq
therefore = ^ .9 = 5 x 8  = 48Ao V
therefore ^  = •— = 48Ao 7t/4Do Do
therefore ^  = /48 t 7
If we take the opening diameter D q = 1.7 mm and the velocity 
through these holes as 30, 60 and 90 ms~^. At these velocities, 
stable jets of considerable height are obtained.
The values of Reynolds number of flow through holes and the cor­
responding orifice coefficients of discharge are shown below.
Cq found from graphs in Perry and Chilton (1973)
DoPVoRe =





Generally an orifice coefficient of 0.6 - 0.63 is used for 
perforated pipes, the values above are within this range.
The value of the pipe diameter corresponding to hole diameter 
of Dq = 1.7 mm is:
D[jj = 7Dq = 7 x 1 . 7  = 12 mm
and the values of inlet velocities corresponding to hole velocities 
are :




For the present condition the number of velocity head losses = 1
therefore 4f = 1Dm
the fanning friction factor (f) could be calculated from Balsius 
relationship as in Dow and Shreveport (1950) for turbulent flow.
0.3164f =  Ï
4 (Re)
or could be found from graphs of v VS Re from Perry and Chilton (1973)
The values of Re could be calculated at different values of V 
and the corresponding values of f could be calculated:




-  I X  -
From these values of f the ratio L^/D^ could be found:
from which the suitable values of L was found to be
L = ^  = 380 mm m 4f
Finally the dimension of the perforated pipes can be taken as 
pipes of 380 mm length, 12 mm diameter and with six holes of diameter 
1.7 mm on each pipe.
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APPENDIX III
COMPARISON OF DATA FROM SINGLE HEATER WITH PREVIOUS
CORRELATIONS AND PRESENT CORRELATION
A3.1 Comparison with Petrie et aï. (1968) correlation 
They proposed the following correlation:
The present experimental data for the two heater sizes 18 and
25.3 mm are compared with this correlation. The calculations are 
shown below for the three sizes of particles and the three different 
bed depths.
DtThe factor (— — ) is shown below:Dp
DtDp D^ D^/Dp (— )
(pm) (mm)
127 18 142 27.2
247 18 73 17.5
335 18 54 14.3
127 25.3 199 34.2
247 25.3 102 22.2
335 25.3 76 18.0
p//s . ( £ ^ ) V b  ̂ . 0.87
""9 241 X 10-"
The comparison between the predicted and experimental values of N U ^  
are shown in the followint tables.
-  X I
(a) for Dp = 127 pm 
g N U ^  (pred. )
(^t)
Dp
H = 100 mm
NUwT(exp. ) 
H = 50 mm H = 30 mm
• Dt=18mm Dt=25.3mm D^=18mm D^=25.3mm D^=l8mm Dt=25.
1.0 14.0 7.8 6.7 6.6 5.7 6.0 5.0
1.32 15.4 8.8 7.7 7.4 6.6 6.7 5.8
1.64 16.5 9.8 8.6 8. 3 7.3 7.5 6.5
2.0 17.6 10.6 9.4 9.0 8.4 8.1 7.2
2.32 18.46 11.5 10.2 9.6 8.7 8.7 7.7
2.8 19.75 12.4 11.3 10.5 9.6 9.5 8.4
3.2 20.6 13.2 11.8 11.1 10.2 10.0 8.9
(b) for Dp = 247 pm
1.0 14.0 11.2 9.5 9.9 8.4 8.9 7.6
1.4 15.7 13.9 12.6 12.3 11.0 11.2 10.0
1.6 16.4 15.0 13.2 13.3 11.6 12.2 10.5
2.2 18.2 16.7 14.7 14.8 12.9 13.6 11.8
2.9 20.0 17.8 16.5 15.7 14.5 14.6 13.2
3.24 20.7 18.2 17.2 16.1 18.8 14.8 14.3
(c) for Dp = 335 pm
1 .0 14.0 14.6 13.0 13.5 11.9 12.9 11.3
1.4 15.4 16.4 15.8 15.0 14.5 14.4 13.7
1.5 16.1 17.2 16.2 15.8 15.1 15.2 14.2
1.7 16.6 18. 1 17.1 16.7 15.8 15.9 14.8
1.8 17.1 18.7 17.7 17.2 16.4 16.5 15.5
2.1 17.9 19.4 18.7 17.6 17.3 17.3 16.4
A3.2 Comparison with Andeen and Glicksman (1976) correlation





L^gPg DpSpgZg J kg
Pr°': = ( ü ^ )kg
0 .3 ,845x18.345x10-6^0-3
< 241x10-" ' = 0.91
- Xll -




D i ? i p g ( p g - p g ) g )
(a) for bp = 127 pm 
(i) = 18 mm
0 . *♦ 3\ 1
Uf (1-E)
GDtPs (pred. ) NU,^(exp. )
PgPg DpSpgZg (l-E)Pr°•3 (1-E)Pr°-^
(ms-1) H = 100 mm H = 50 mm H = 30
0.025 0.506 0.15 514 421 356 324
0.033 0.494 0.2 565 483 407 369
0.041 0.489 0.25 607 546 460 420
0.05 0.475 0.3 647 611 518 467
0.058 0.468 0.35 667 667 561 507
0.07 0.458 0.42 701 739 626 566
0.08 0.451 0.49 755 797 672 609
(ii) = 25.3 mm
0.025 0.506 0.21 545 454 387 341
0.033 0.494 0.28 596 536 455 404
0.041 0.489 0.35 640 602 510 458
0.05 0.475 0.42 682 678 604 516
0.058 0.468 0.5 719 744 641 566
0.07 0.458 0.6 761 845 720 629
0.08 0.451 0.68 796 894 772 675
(b) for Dp = 247 
(i) = 18 mm
-  x i i i  -
'"f (le) (^^^^'^)( ,
NUw T(pred.) NUwT(exp. )
MgPg Dp^Ps^g (l-e)Pr°'3 (l-e)Pr°- 3
(ms-1) H = 100 mm H = 50 mm H = 30
0.05 0.534 0.04 323 368 325 292
0.07 0.52 0.059 359 467 414 378
0.08 0.514 0.067 374 509 451 415
0. 109 0.501 0.092 415 581 518 476
0.145 0.488 0.122 455 640 563 522
0.162 0.484 0.136 470 658 584 536
(ii) Dt = 253 mm
0.05 0.534 0.058 360 389 345 313
0.07 0.52 0.08 396 532 365 425
0.08 0.514 0.09 414 561 494 449
0.109 0.501 0.13 459 644 564 518
0.145 0.488 0.17 504 742 650 593
0.162 0.484 0.19 522 779 686 620
(c) for Dp = 335 pm
(i) D^ = 18 mm
0.095 0.532 0.032 295 392 364 347
0.128 0.52 0.044 325 450 412 395
0.145 0.514 0.05 338 479 438 443
0.162 0.51 0.055 351 506 468 446
0.174 0.507 0.06 360 527 486 464
0.2 0.501 0.065 371 553 509 491
(ii) 0^ = 25.3 mm
0.095 0.532 0.045 324 433 401 379
0.128 0.52 0.061 360 544 499 470
0.145 0.514 0.069 378 565 525 494
0.162 0.51 0.077 387 599 554 520
0.174 0.507 0.082 396 625 580 546
0.2 0.501 0.095 414 667 619 587
-  X I V  -
A3.3 P roposed correlation
The proposed correlation was found to fit the present data more 
accurately. All the variable parameters are included:
GDtPs Dt jj 0.2
' 2 5 3 ’ <t I ô >
The different factors are calculated as shown in the following tables
Mg^ 0.21 Dt
<ï)p5p ‘2 5 3 ’
(pm) (mm) s
127 9.4 0.072 0.82
18 0.934
25.3 1.0
247 9.4 0.05 0.82
18 0.934
25.3 1.0
335 9.4 0.042 0.82
18 0.934
25.3 1.0
H 100 50 30
(mm)
Hi j ^ )  0.92 0.8 0.7
-  X V  -
(a) Dp = 127
(i ) D^ = 9.4 mm
Uf
^GDtPSj 0.4 H = 100 mm H = 50 mm H = 30 mm
(ms- 1) (exp.) (pred.) (exp.) (pred.) (exp.) (pred.)
0.025 66 80 137 70 119 57 107
0.033 73 129 153 100 133 88 120
0.041 80 152 167 123 145 118 131
0.05 86 175 180 140 157 129 141
0.058 92 189 193 156 167 142 151
0.07 99 207 207 172 180 156 162
0.08 104 218 218 179 189 164 170
(ii) D^ = 18 mm
0.025 85 194 202 164 176 149 159
0.033 95 217 226 183 196 166 177
0.041 103 24 3 245 205 213 187 192
0.05 112 264 267 224 232 202 209
0.058 118 284 281 2 39 244 217 220
0.07 128 308 305 261 265 236 239
0.08 135 328 322 276 280 250 252
(iii) D^ =: 25.3 mm
0.025 97 209 247 178 215 157 194
0.033 109 241 278 205 242 182 218
0.041 118 268 301 227 262 204 236
0.05 128 293 326 261 284 223 256
0.058 136 317 347 273 302 241 272
0.07 147 352 375 300 326 262 294
0.08 154 367 393 317 342 277 308
-  X V I  -
(b) Dp = 247 pm
(i) Dt = 9.4 mm
Uf
^GDtPSj 0 . 4 H = 100 mm
^ « T
(ms-1 ) (exp.) (pred
0.05 86 89 121
0.07 99 137 140
0.095 111 166 157






0.05 112 179 185
0.07 128 221 206
0.095 144 254 232






0.05 128 189 220
0.07 146 252 252
0.095 165 278 284
0.128 186 315 320
0.162 205 343 353
H = 50 mm H = 30 mm
»"WT ■^«T '"“wT
(exp.) (pred.) (exp.) (pred.)
80 98 66 95
125 123 105 109
151 137 129 123
168 154 144 138
174 170 148 152
158 157 142 141
196 179 179 161
226 202 205 182
243 228 224 206
261 251 236 226
168 192 152 173
220 219 202 197
244 248 225 223
278 279 252 251
302 307 273 277
-  X V l l  -
(c) Dp = 335 nm



















0.095 111 78 131 74 114 66 103
0.128 125 138 148 119 129 109 116
0.145 131 152 156 133 135 125 122
0.162 137 160 163 140 142 133 127
0.174 141 166 168 145 146 140 137
(ii) Dt = 18 mm
0.095 144 190 195 176 169 168 153
0.128 162 213 219 195 191 187 172
0.145 170 224 230 205 200 198 180
0.162 178 235 241 217 209 207 189
0.174 183 243 247 224 215 214 194
194 252 262 232 273 224 205
(iii) Dt = 25.3 mm
0.095 165 209 2 39 194 208 184 187
0.128 186 257 269 236 234 223 211
0.145 195 265 282 246 246 231 221
0.162 204 278 295 257 257 241 231
0.174 210 289 304 267 265 252 238
222 307 322 282 280 268 252
- XVlll -
A3 .4 Comparison of experimental data of previous investigators with 
the present correlation
The data of some earlier investigators [Al-Ali (1977); Atkinson 
(1975); and Yiditskii and Zabrodsky (1968)] are compared with predicted 
values from the present correlation.
A3.4.1 Bare tube data of Al-Ali (1977)
The only bare tube size used by Al-Ali (1977) was 15 mr
able in the thesis was only for the 50 mm bed depth for the
particles.
(i) for Dp = 134 pm
"f NUwT(exp.) N U ^  (pred
(ms-l)
0 . 12 258 280
0.15 265 310
0 . 2 277 350
0.25 286 380
(ii) for Dp = 253 Mm
0.15 168 2 0 0
0 . 2 205 230
0.25 227 255
0.3 237 270
(iii) for Dp = 345 Mm
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A3.4.2 Bare tube data of Atkinson (1975)
Only the data available for the plain t-be was used for comparison. 
The tube size was 15.2 mm and the zicron sand used was 138 pm diameter.
(i) for H = 50 mm
(ms )̂














A3.4.3 Data of Yiditskii and Zabrodsky (1968)
Data were available for one shallow bed depth (15 mm)/ one size of 
heater (15.5 mm diameter) and two sizes of particles.
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C A L C U L A T I O N S  FOR  C O M P A R I S O N  O F  P R E S E N T
D A T A  O N  T H E  E F F E C T  OF T U B E  S P A C I N G
W I T H  S O M E  E X I S T I N G  C O R R E L A T I O N S
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APPENDIX IV
CALCULATIONS FOR COMPARISON OF PRESENT DATA ON THE EFFECT 
OF TUBE SPACING WITH SOME EXISTING CORRELATIONS
A4.1 Comparison with Gel'perin et al. 'g (1968) correlation
Gel'perin et aï. (1968) proposed the following correlation for the 
maximum heat transfer coefficient:
0 . 2 2  D t  0 - 2 5
Sh'
whe re :
NUmax = 0.79 Ar (1 - — )
hmaxDp
NUmax “
gDp^Pf(Ps-pf)Ar =  2-----
^f
the values of Ar for the two larger si?es of particles are shown below:







Finally, the comparison of the predicted values with experimental 
values of NU^^^^ are shown overleaf:
- XX l l -
(a) for Dp = 247 pm
Sh NU^ax (pred.) NUjq̂ x (exp.)
(m) H = 100 mm H = 50 mm H = 30 mm
0.037 3.29 3.4 3.11 2.91
0.043 3.36 3.48 3.17 2.96
0.052 3.48 3.58 3.24 3.02
0.065 3.56 3.67 3.33 3.07
0.087 3.63 3.77 3.4 3.13
0.13 3.71 3.87 3.5 3.2
(b) for Dp = 335 pm
0.037 4.02 4.03 3.61 3.6
0.043 4.11 4.14 3.71 3.7
0.052 4.27 4.25 3.82 3.8
0.065 4.35 4.34 3.95 3.9
0.087 4.45 4.46 4.06 3.97
0.13 4.55 4.59 4.2 4.05
A4.2 Comparison with Grewal's (1981) correlation 
He proposed the following correlation:
where the values of e are calculated from the following equation:
4 [»■* •
The values of e and (1-e) for the three sizes of particles are 
shown in the following tables :
- X X l ll  -
(a) for Dp = 127 pm
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GDtPs p^f 0.32 5The values for the term (-----  .  5 5— ) for the different
UfPf Dp^Ps g
values of G and the term:
3/6 1 0 . 2  3 
rPsCpsDt g^,
' kf '
for the three sizes of particles are shown in the following tables:
Uf G GDtPs Pf^














0 3 2 5
- X X V  -
3^ 1 0.23
(ggP.P f t .J_) . 21.94

































































=  2 1 . 8 6
Sh -1.75The values of the factor [1 - 0.21 (— — ) ] are shown overleaf;
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and Pr°*^ is the same for all particles:
° 3 UfCps °•3(Pr) = ( V - ) = 0.91
The calculations for the predicted values of predicted
from Grewal's (1981) correlation, together with the experimental 
values are shown in the following tables.
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APPENDIX V
C A L C U L A T I O N S  F OR  C O M P A R I S O N  O F  P R E S E N T  D A T A  O N  THE
E F F E C T  OF T U B E  S P A C I N G  W I T H  S O M E  E X I S T I N G  C O R R E L A T I O N S
- X X XL l l -
APPENDIX V
CALCULATIONS FOR COMPARING THE PRESENT RESULTS WITH SOME
THEORETICAL MODELS
As described before in Chapter 6 , the present experimental data 
were compared with predicted values from models concerning the packet 
theory.
A 5 .1 Comparison with Mickley and Fairbanks' (1955) model
They proposed the following equation for the average heat transfer 
coefficient:
- 2 kePeCps
h  =  - T -  -------------
w /tt / T
The values of the effective density are calculated from the equation:
Pe " Ps ”  - Pmf)
The corresponding effective thermal conductivity was found from 
the relation of Yagi and Kunii (1957).
+ 0-lPgCPgDP“mf 
where kg° is calculated from Swift's (19 ) equation, which is:
kg° = 0.9065 -■ ■■—  —  — gg—  In gg - 1 + 0.0935 kg
( - ) - ( - )  k s - k g  k g
It was found that k^® = 0.153.
The values of Pg and kg for the three sizes of particles are shown 
overleaf.
- X X X I V
Dp &mf Ps Pe ke
(Mm) (kg m-3) (kg m-3) (W m-i K-i)
127 0.481 2700 1401 0.1534
247 0.46 2680 1447 0.155
335 0.44 2660 1490 0.157
The value of T is calculated frcan the relation:
TTDt/2
T = Uf - Umf
The values of the contact times are shown below for different 
values of Dp and for two sizes of heater (D.̂  = 18 mm and D^ = 30 mm) . 
The corresponding values of the predicted values of h^ from this model, 
together with the experimental values, are also shown in the following 
tables.
(a) for Dp = 127 pm
(i) D^ = 18 mm
Uf - Ujuf T h (exp.) w h^ (pred.)
(ms“ )̂ (sec) (W m-^ K-l) (W m-2 K-^)
0.016 1.76 325 363
0 . 0 2 1 1.34 340 416
0.025 1.13 354 450
0.029 0.98 366 500
0.033 0 . 8 6 380 526
0.039 0.73 395 570
0.045 0.63 413 606
0.05 0.56 426 644
0.055 0.52 439 6 6 6
- X X X V  -
(a) for Dp = 127 |im (cont.)
(ii) D^ = 30 mm
Uf - Ujnf T (exp.) h^(pred.)
(ms'i) (sec) (W m~^ K“ )̂ (W m"^ K"^)
0.016 2.95 250 280
0.021 2.24 264 321
0.025 1.88 275 350
0.029 1 .62 285 377
0.033 1.43 300 402
0.039 1.21 315 435
0.045 1.05 330 468
0.05 0.94 340 495
0.055 0.86 350 518
(b) for Dp = 247 Mm
(i) D^ = 18 mm
0.014 2.02 283 344
0.02 1.42 296 408
0.03 0.94 318 512
0.045 0.63 340 620
0.059 0.48 356 714
0.078 0.36 370 832
0.095 0.3 380 900
0.112 0.25 388 1000
(ii) D^ = 30 mm
0.014 3.37 215 260
0.02 2.37 230 319
0.03 1.57 242 390
0.045 1.05 260 480
0.059 0.8 275 549
0.078 0.6 295 630
0.095 0.5 310 690
0.112 0.42 325 750
- X X X V l  -
(c) for Dp = 335 Mm
(i) = 18 mm
U_ - U _ T h (exp.) h (pred.)f mf w w ^
(ms-l) (sec) (W m"^ K "M (W m"^
0.014 2.02 271 350
0.033 0.86 285 540
0.05 0.56 300 6 6 6
0.067 0.42 314 770
0.079 0.36 325 832
0.105 0.27 338 952
(ii) = 30 mm
0.014 3.37 225 270
0.033 1.43 240 415
0.05 0.93 248 520
0.067 0.7 260 590
0.079 0.6 271 642
0.105 0.45 288 742
A5.2 Comparison with modified Mickley and Fairbanks* 81955) model
Mickley and Fairbanks' model was modified by adding the contact
resitance R to the packet thermal resistance R , which is important c e
for short contact times.
1hw 0.5R + R
^e = / k " %  K w 1e e ^s
- X X X V l l  -
The value of Rg is calculated frcxn the above expression. The 
values of R^ and t are calculated from different expressions sug­
gested by some earlier investigators, as mentioned before for the 
three different cases examined in Chapter 6.
In Case I the expressions used in calculating Rc and t, are 
those suggested by Baskakov et al. (1973).
«= ■
and
T = 0.44    0.1. , ^ ,  0 . 225
where A = 0.8 for Dp = 30 mm; A = 0.9 for Dp = 18 mm and 9.4 mm
In Case II the same expression suggested by Baskakov et al. (1973) 
for R^ was used but another expression suggested by Xavier (1977) was 
used for calculating the value of i2 .
TTDt/2
T2 = V “mf
In Case III both the contact resistance Rg and contact time T2 are 




- X X XVl ll -
The calculations for the values of %i, %2 and the heat transfer 
coefficients calculated from the above three cases, together with ex­
perimental values of h^ are shown in the following tables for the 
different sizes of heaters at the three different sizes of particles,
(a) for Dp = 127 pm
(i) 18 mm
^f"^mf Tl T2 h (exp w
(ms'l) (sec) (sec) (W m-^ K'
0.016 0.173 1.76 325
0.021 0. 162 1.34 340
0.025 0. 155 1.13 354
0.029 0.149 0.98 366
0.033 0.144 0.86 380
0.039 0.138 0.73 395
0.045 0.133 0.63 413
0.05 0.129 0.56 426
0.055 0.126 0.52 439
(ii) D^ = 30 mm
(pred.)i h^ (pred. ) 2 h^ (pred. ) 3 










0.016 0.149 2.95 250 817 252 228
0.021 0.14 2.24 264 834 284 251
0.025 0.134 1 .88 275 845 306 270
0.029 0.13 1.62 285 852 325 283
0.033 0.126 1.43 300 860 342 296
0.039 0.121 1.21 315 871 367 314
0.045 0.117 1.05 330 882 388 330
0.05 0.113 0.94 340 890 412 347
0.055 0.111 0.86 350 894 421 353
- xxxix -
(b) for Dp = 247 pm 
(i) D^ = 18 mm
Tl T2 (exp.) (pred.)i h (pred w
(ms'i) (sec) . (sec) (W m"^ K-i) (W m"^ K-i) (W m“  ̂ K
0.014 0.219 2.02 283 517 269
0.02 0.203 1.42 296 584 305
0.03 0.184 0.94 318 598 350
0.045 0.167 0.63 340 615 410
0.-59 0.156 0.48 356 626 445
0.078 0.145 0.36 370 636 490
0.095 0.137 0.3 380 651 518
0.112 0.132 0.25 388 655 548
(ii) D^ = 30 mm










0.014 0.183 3.37 215 590 218 183
0.02 0.172 2.37 230 599 252 206
0.03 0.159 1.57 242 612 296 235
0.045 0. 145 1.05 260 625 342 263
0.059 0.136 0.8 275 636 381 285
0.078 0.127 0.6 295 645 412 303
0.095 0. 121 0.5 310 562 440 317
0.112 0.116 0.42 325 658 470 333
(c) for Dp = 335 Jim
(i) D^ = 18 mm
0.014 0.23 2.02 271 488 252 200
0.033 0.195 0.86 285 506 330 240
0.05 0.178 0.56 300 517 380 262
0.067 0.166 0.42 314 524 410 276
0.079 0.159 0.36 325 529 430 284
0.105 0.148 0.27 338 538 455 297
- xxxx -
(ii) Dt = 30 mm
"f-"mf Tl T2 h (exp w
(ms“ )̂ (sec) (sec) (W m“  ̂ K'
0.014 0.187 3.37 225
0.033 0.165 1.43 240
0.05 0.152 0.93 248
0.067 0.143 0.7 260
0.079 0.138 0 . 6 271
0.105 0.129 0.45 288
w (pred. ) 1 h^ (pred. ) 2 h^ (pred. ) 3
m~^ K-i) (W m-^ K-i) (W m“  ̂ K-l)






The calculations for the predicted values of the heat transfer co­
efficient from the Case III model for the 9.4 mm diameter heater is 
shown in the table below, together with the experimental values:














































(ii) for Dp = 247 Mm
T2 h^ (exp.) h^ (pred.)3
(ms~^) (sec) (W m“  ̂ K-l) (W m"^ K-i)
0.014 1.055 310 270
0.02 0.738 340 300
0.03 0.492 375 330
0.045 0.328 415 355
0.059 0.25 450 375
0.078 0.189 472 398
0.095 0.155 486 415
(iii) for Dp = 335 Mm
0.014 1.055 280 240
0.033 0.447 345 285
0.05 0.295 380 305
0.067 0.22 400 320
0.079 0.187 415 330
A5.3 Comparison of data of previous investigators with the model 
in Case III
The experimental values of previous investigators used before in 
comparison with the present correlation (equation 3) are compared with 
predicted values for the Case III model. The calculations are shown 
below:
A5.3.1 Data of Al-Ali (1977)








The values of t and the experimental and predicted values of h 
are shown in the following tables.















































A5.3.2 Data of Atkinson (1975)
For Dp = 138 pm, Rg = 0.000954. The calculations for x and the
experimental and predicted values of h are shown in the followingw
table:
- X X X X l l l  -
T 2 h (exp.) w h (pred. )3 w
(ms-i) (sec) (W K-i) (W m-^ K-i)
0. 15 0.165 534 540
0.2 0.124 557 570
0.3 0.084 587 620
0.37 0.067 610 645
0.46 0.054 625 660
